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Im Rahmen dieser Arbeit werden Schichten und Schichtsyteme untersucht, die mit-
tels D.C. gepulstem Magnetronzerstäuben abgeschieden wurden. Die Untersuchungen
der Schichten erfolgen unter dem Gesichtspunkt der Eignung dieser Schichten als
Kontaktschichten für photovoltaische Anwendungen. Eine detaillierte Studie der Schich-
teigenschaften wurde mit Hilfe von optischen Spektroskopiemethoden sowie elektrischen
Messungen erstellt. Diese stellt die Zusammenhänge der Abscheideparameter, insbe-
sondere der Substrattemperatur und der Wasserstoffflussrate bei der Abscheidung mit
den Schichteigenschaften her. Des Weiteren werden die wechselseitigen Abhängigkeiten
der Schichteigenschaften dargelegt. Hierbei wurde unter anderem gezeigt, dass der
allgemein in der Literatur akzeptierte lineare Zusammenhang zwischen der Tauc-Lorentz
Bandlücke und dem Wasserstoffgehalt nicht für alle Proben bestätigt werden konnte.
Stattdessen wurde die Abhängigkeit der Bandlücke im Wesentlichen dem Anteil der
polyhydrierten Siliziumatome innerhalb der Schicht zugeordnet. Für Teilmengen der
Proben ergibt sich hieraus wieder eine nahezu lineare Abhängigkeit zwischen dem
Wasserstoffgehalt und der Bandlücke.
Im zweiten Teil der Arbeit werden Heterostruktur-Dioden untersucht, die sich an der
Grenzfläche zwischen amorphem und kristallinem Silizium ausbilden. Dabei werden
vordergründig die elektrischen Eigenschaften untersucht. Dies umfasst die Untersuchung
der Abscheideparameter auf grenzflächennahe Defektzustände, die mittels Ladungstran-
sientenspektroskopie (QTS) gefunden wurden. Zudem wird der begünstigende Einfluss
des kristallinen Siliziumsubstrats auf die Ausbildung von mikrokristallinen Strukturen der
aufwachsenden Schichten mittels ramanspektroskopischen Untersuchungen dargelegt.
Schlagwörter
amorphes Silizium, Photovoltaik, D.C. gepulstes Magnetronzerstäuben, Heterodioden,
Raman-Spektroskopie, Infrarotspektroskopie, spektroskopische Ellipsometrie, Ladungs-
transientenspektroskopie, Tauc-Lorentz-Bandlücke
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1. Introduction
The possibility to incorporate a limited amount of electrically active dopant atoms into
an amorphous silicon network was discovered in 1975 by Spear and Lecomber [SC75].
Thereby, it became possible to start research on how to employ achievements from
crystalline silicon technology into amorphous semiconductor technology. Thin film
transistors of amorphous silicon are commonly used for display technology nowadays.
However, probably the most well known application of amorphous silicon in technical
devices is the thin film solar cell. In contrast to conventional crystalline solar cells which
contain silicon layers of typically 200 µm – 300 µm thickness [Rin11]. Thin film solar cells
typically possess layer thicknesses of only a few micrometers [Cra08]. This reduction of
the layer thickness is possible because of the higher absorption of amorphous silicon in
the spectral range of sun light as well as the availability of deposition techniques for such
thin films. However, the recombination losses within the defect rich amorphous material
limit the overall efficiency.
Amorphous silicon layers are nowadays mostly deposited by chemical vapor deposition
(CVD) processes. In CVD processes silane (SiH4) gas gets decomposed for instance in
plasma enhanced CVD processes by the presence of the plasma or alternatively by high
temperatures as in hot wire CVD processes. Doping for these films is achieved by the
addition of a hydrogenated dopant gas like diborane (B2H6).
The research of this thesis is related to the research project „in-line Solarzellen-Fertigung
auf Siliziumbasis (SoSi), Initiative Solar Fabrik 2020“. The tasks of this project include
the deposition of doped layers of amorphous silicon by dc pulsed magnetron sputtering.
The physical properties of these deposited layers should be characterized and it should
be evaluated if theses layers are suitable candidates for contact layers of amorphous
silicon thin film solar cells. It is known that dopant atoms must be fourfold coordinated in
order to be electrically active [JBBD87]. Furthermore, the defect concentration found in
doped layers is significantly larger [Str91].
Hydrogenation of the amorphous silicon and the selection of substrate temperature
are known to have a significant influence on the sample quality and the defect density
7
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[RFFS02] may even lead to a phase transformation of the material into microcrystalline
silicon [GA01].
The experimental analysis presented in this work is split into two main parts:
1. Study of the influence of the deposition parameter, especially of hydrogen content
and temperature, on layer properties.
2. Analysis of preparation influences of diode heterostructure which are prepared
by depositing boron doped amorphous silicon onto n-doped crystalline silicon
substrates.
8
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2. Scope of the Work and
Cooperations
The scope of the work is to characterize amorphous silicon layers and heterostruc-
ture diodes deposited by dc pulsed magnetron sputtering. Their suitability for use in
photovoltaic applications will be analyzed.
The applied optical spectroscopic techniques are Raman Spectroscopy and Fourier
transform infrared spectroscopy (FTIR) which both are optical vibrational techniques
and variable angle spectroscopic ellipsometry (VASE). The latter is a technique which
measures the polarization change of a light beam reflected at the sample surface. The
interpretation of the results from these optical techniques will provide details on the
crystallinity, the optical properties including the Tauc-Lorentz band gap [JM96b, JM96a]
as well as the amount of hydrogen incorporation into the amorphous silicon layers and
their coordination. The influence of preparation parameters such as the deposition
temperature and the hydrogen flow rate during deposition on these layer properties will
be considered as well as the correlation of the individual layer properties.
Charge transient spectroscopy (QTS) is an electrical spectroscopic technique. With it
the influence of the preparation on electrical defects at heterostructure diode interface
will be shown.
The work is based on a joined cooperation with the solid state physics department with
Prof. F. Richter as its head. All the samples were prepared by members of this group
and not by the author of this dissertation (this includes the layer deposition itself as
well as their contacts). In addition, the current-voltage characterizations (including the
temperature dependent ones) were performed in the solid state physics department.
These supplemental information on the electrical properties are included as a vital part
for the thorough investigation of a possible photovoltaic system. The author wants to ac-
knowledge and thank Frank Nobis, Evelyn T. Breyer, and Martin Seifert who are and were
the responsible group members performing these tasks as well as Dr. Hartmut Kupfer
and Prof. F. Richter as their supervisors.
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3. Theoretical Background
This chapter gives an introduction into the basic principles of the applied
spectroscopic techniques. Furthermore, the necessary details with respect
to amorphous silicon are presented. In addition, the fundamentals of magnetron
sputtering are layed out briefly.
3.1. Amorphous Silicon
The key difference between a crystalline body and an amorphous body is the lack of long
range order. Amorphous materials like amorphous silicon (a-Si) however do possess a
short range order similar to a crystal. No matter if silicon atoms are part of a crystalline
or an amorphous network they possess a fourfold coordination [Str91]. In the periodic
crystal silicon atoms arrange into equidistant positions with an ideal tetrahedral bond
conformation. Amorphous silicon is not ideally arranged and one finds deviations from
the tetrahedral bonding angle of a few degrees. Furthermore, the bond length to the
nearest neighbor may be a bit prolongated or shortened in comparison to the diamond
structure of crystalline silicon (c-Si). Such an idealized defect free network of silicon
atoms is called a continuous random network [Zac32].
Amorphous silicon has a rather high defect concentration (at least compared to crystalline
silicon). The variation of the bonding angles generates bonds which are prolongated
that much that they may split up. In this case two dangling bonds are created. Other
defects which may occur are for instance voids or extrinsic defects. Dangling bonds may
be considered in terms of the defect pool model [Win90] which was further extended by
Powell et al. [PD93]. The unsaturated dangling bond may either contribute an electron or
accept one. It is therefore said to be a neutral D0 state. As long as the material cannot
structurally relax these dangling bond states are located around the Fermi level. The
group of D0 states is labeled the D0 band.
Electrons may attach to a D0 state. Therefore, they need to overcome the coulomb
repulsion of the electron at the D0 state. However, relaxation of the silicon network has
10
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a positive energetic contribution on the process. In total it is an energetic loss for an
electron to attach to an D0 state which is than said to become a D- state. The D- state has
a negative net charge and for the creation of further D- states in the vicinity its coulomb
potential must be additionally overcome.
For the opposite case that the electron leaves the dangling bond and a so called D+ state
is formed the energy is found at a comparable level as for the D0 state. The energy of D0
is pinned around the Fermi level. Hydrogen may attach to the unsaturated dangling bond
of the material (sometimes referred to as DH then) and therefore reduce the number of
deep lying defects. First successful doping experiments were committed by Spear and
LeComber [SC75] in 1975.
There is no sharp band gap edge in amorphous silicon networks. The individual place-
ment of each silicon towards its nearest neighbors rather cause a spread of the energy
levels. This extends states into the band gap. However, charge carriers within these
states are localized and conduction within the band tails requires the carriers to con-
stantly move along a path of these localized states. States closer to the band edges
possess higher mobilities than states deeper within the band gap. Since the mobility
determines the gap between conducting states the gap is sometimes referred to as
mobility gap rather than band gap.
3.2. Magnetron Sputtering
Magnetron sputtering like the whole group of sputtering techniques belongs to the group
of Physical Vapor Deposition (PVD) techniques [RCW90]. For all of these techniques
the desired material is vaporized and afterwards condensates as a film on the substrate.
In case of the sputter deposition techniques the material is vaporized by bombardment
of an ionized inert gas like argon. The material onto which the ions are accelerated is
called the target material. Acceleration of the ions is achieved by an electrical field.
A very direct form of sputtering is the diode sputtering: The target material is set up
in a vacuum chamber into which the inert gas is introduced at a low pressure level. A
high voltage is then applied between and anode and the target which takes the role of
cathode. The high voltage leads to gas discharges of the inert gas. A constant stream of
ions which now hit the target transfer energy and momentum into its surface. Collision of
atoms within the target results into momentum towards the surface. Atoms, molecules,
11
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or even clusters are emitted form the target (typically from within a depth of up to 1 nm)
and may condensate again on the substrate.
Magnetron Sputtering is a more advanced technique which was developed in order
to overcome some of the limitations of diode sputtering [RCW90]. A magnetic field is
created by permanent magnets located at the back of the target. It causes the ions and
electrons onto a spiral movement around the magnetic lines of force (E × B). More
subtle movement compounds are furthermore introduced by drifts of the plasma.
The drift of the charge carriers has various positive effects. The path of the electrons is
significantly prolongated and ionization of neutral inert gas atoms is more likely. If the
magnets are arranged in such a way that the magnetic field has a rotational symmetry,
then a plasma torus with high electron and ion density is formed. In comparison with diode
sputtering one gains the same plasma density at lower pressures. Higher deposition
rates are therefore possible. The heat transfer to the target is reduced and goes along
with the reduction of the electron bombardment.
The dc pulsed sputtering mode is chosen in order to reduce arc discharges at the target
surface caused by local charging of the target. Glow discharges are capable to emit
large clusters from the target which generally have a negative impact on the growth
of the deposited layer. In case of dc sputtering a constant voltage is applied between
cathode and anode. For dc pulsed sputtering this voltage is applied periodically only for
a fraction of the time. In between the target may discharge. Two parameters are thereby
introduced: the frequency of a full switching cycle and the duty cycle. The duty cycle is
the ratio of the duration of the applied voltage pulse to the full time of a switching cycle.
Properties and growth of the layer may be further influenced by the electric potential of
the substrate. Due to the significantly smaller mass of the electrons compared to the
ions, electrons move faster and will negatively charge up the substrate each time the
plasma forms. The slower ions attracted by the charge follow until the substrate reaches
again the plasma potential. An isolated substrate is set to have floating potential. A
more positive potential of the substrate attracts electrons and can be used to heat up
the substrate. A more negative potential, on the other hand, increases the number and
velocity of ions which hit the substrate and the growing layer.
12
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3.3. Infrared Spectroscopy
FTIR is one of the most common spectroscopic techniques. It is based on the absorption
properties of light in the infrared spectral regime. Generally, a sample is positioned
in such a way, that light of an infrared source will penetrate it either completely (as
in a transmission geometry) or partially (for instance in reflection geometry). In the
special case of attenuated total reflection infrared spectroscopy the sample is even not
penetrated directly by the light and only the evanescent waves penetrate the sample.
Infrared spectroscopy is used to study fundamental vibrational modes of the samples.
This is possibly, as the energetic range of mid-infrared (4000 cm−1 – 400 cm−1) and far-
infrared (400 cm−1 – 10 cm−1) covers the typical energetic range of fundamental molecular
and collective vibrational modes.
3.3.1. Infrared Spectroscopy Fundamentals
Radiation of light may be classically expressed in terms of an electromagnetic wave with
an intensity I(ν) with ν being the frequency. The Beer-Lambert law states that in case of
absorption within a substance the intensity decreases along the optical path d given by
the following relation:
I(x, ν) = I(0,ω) · e−d·α(ν) (3.1)
α(ν) is the frequency dependent absorption coefficient. Absorption may occur if energy
of the light hν is transferred into the specimen (h is the Planck constant). The energy of
infrared light is commonly lower than possible electronic transitions of electrons within
the specimen. Therefore, a change of the dipole moment due to vibration and/or rotation
of parts of the specimen is required in order to transfer the energy. If the specimen is
a solid body and does not consist of a gas of multiple atoms, rotational modes will not
occur.
In a second order approximation, the energy E of a dipole vibration is expressed in terms








with n being the vibrational quantum number and νvib being the fundamental vibrational
frequency. The oscillator itself is not limited to consist of two atoms as in the case of a
silicon-hydrogen stretch vibration. It could as well be a collective mode as in the case of
13
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a silicon phonon. However, in order to interact with the electric field of the light a change
of the dipole moment µ must occur.
3.3.2. Silicon Hydrogen Vibrations
Silicon mono- and polyhydrides possess infrared active bending and stretching modes.
Therefore, FTIR is suitable to study the hydrogen incorporation within the hydrogenated
amorphous silicon (a-Si:H). The method was proposed by Brodsky, Cardona, and
Cuomo [BCC77] and refined by Langford and Fleet et al. [LFN+92].
Wagging modes of Si-H vibrations are found at approximately 640 cm−1 and a doublet
at 840 cm−1 – 890 cm−1 due to dihydride bending and scissoring. Stretching modes are
found at 2000 cm−1 for single monohydrides and 2100 cm−1 for coupled monohydrides
as well as polyhydrides [Bro71, BT69, Hud76]. In the spectral region of 640 cm−1 strong
absorption of the silicon substrates were observed. Thus, the analysis in this work is
based on the stretching modes at 2000 cm−1 – 2100 cm−1 and the following description
will restrict to this spectral region.
If interference effects are neglected, the transmission T through sample and substrate at
normal incidence may be approximated as [BCC77]:
T =
(1−R)2 · e−αd
1−R2 · e−2αd (3.3)
d defines the film thickness while R is the term for an empirically determined multiple
reflection loss. R is determined by substituting T by T0 (the substrate transmission) and





2 − (1− T0)2 e−2αd
(3.4)



















Langford, Fleet et al. reintroduced a term in order to compensate for interference
effects [LFN+92]. The corrected absorption coefficient becomes:
αcorrected =
α
1.72− 11 · 10−11 · ν¯ · d (3.6)
14
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in respect to the spectral energy in wave numbers ν¯. From the absorption coefficients




dν¯ of the stretching modes at
2000 cm−1 and 2100 cm−1.
3.3.3. Hydrogen Content and Microstructure Parameter
Eventually, one relates the integral absorption with two important physical properties of
the material. The hydrogen content NH and the so called microstructure parameter R.
The hydrogen content is calculated as:
NH = A2000 · I2000 + A2100 · I2100 (3.7)
with the integral absorptions I2000/I2100 and the scaling coefficients A2000 = 9.0 · 1019 cm−1





with NSi = 5.3 · 1022 cm−3 (3.8)
One should note that the hydrogen atoms are additionally introduced into the a-Si lattice
and the material possesses a higher density than pure a-Si [LFN+92].
While the hydrogen content relates to the total amount of hydrogen the microstructure
parameter R allots to the ratio between polyhydrides and the total of monohydrides and





For technical applications with a-Si:H R should be as small as possible. Higher values
of R were found to further introduce trapping which has a negative impact on the
conductivity. Schropp and Zeman mention a value of 0.1 for technical relevant absorber
layer [SZ98]. For the doped layers the impact on the performance should be considerably
lower as the carriers do not pertain for a long time in the thin doped layers.
3.4. Variable Angle Spectroscopic Ellipsometry
VASE is a spectroscopic technique in which the change of polarization of a reflected light
beam on the specimen is investigated. Light does not only get reflected at the surface but
15
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additionally penetrates the specimen. At each inner interface further splitting in reflected
and transmitted components of the electromagnetic wave occurs. Parts of the wave are
absorbed within each layer. The reflected light beam does not only contain the directly
reflected light components but additionally contains the interfering information of the
reflection from all inner interfaces. In the most general case a linear polarized light will
therefore become elliptically polarized after reflection, i.e. both phase and amplitude of
the reflected beam change. Hence, the name ellipsometry is used. If one measures not
only monochromatic light but light within a certain spectral range at various angles the
technique is called VASE.
3.4.1. VASE Fundamentals
The measured quantity is the complex reflection ratio ρ˜. It is defined as the ratio between
the complex Fresnel reflection coefficients rp and rs perpendicular and parallel to the
sample. The complex Fresnel reflection coefficients are furthermore defined as the ratio








The complex quantity ρ˜ is commonly split into two real components, the so called






∣∣∣∣ ei∆ = tan Ψei∆ (3.11)
The effective complex dielectric function 〈ε˜〉 as well as the effective optical constants 〈n〉
and 〈k〉 at an angle ϕ can be calculated directly of ρ˜:









· sin2 ϕ (3.12)
In case of an optically semi-infinite sample the effective values directly resemble the
dielectric function ε˜ and the optical constants n and k. However, whenever light is not
completely absorbed within the first layer but reflected from an inner interface or the
backside one needs to set up an evaluation model. The basic assumption for this model
is that the inner interfaces of the sample should be parallel to the surface. In this case the
dielectric function as well as thickness for each individual layer within the model needs to
16
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be adjusted in such a way that the optical response of the model matches the measured
ellipsometric angles.
In order to retrieve a unique solution for the sample model one needs to keep the
number of free parameters in the model adequately low. Therefore, known values like
the substrate thickness and its dielectric function are kept fixed. In case of samples with
different thicknesses but identical optical properties one may also couple the parameters
of the models for both samples in order to decrease the number of unknowns.
3.4.2. Model Details
The layer stack used for the VASE model is presented in fig. 3.1. The substrate is c-Si
of which the dielectric function is well known. Tabulated values [JJ92] were used for
the complex dielectric function. In between the substrate and the amorphous silicon
layer a native silicon oxide layer is set up. Its typical thickness is 2 nm. Again the optical
properties are well known and tabulated [Pal91].
The a-Si:H layers response is calculated in terms of a Tauc-Lorentz model [JM96b,

















Figure 3.1.: Layer stack of evaluation model for VASE
calculations.
A is the area of the Lorentz
component, E0 is the central
energy of the Lorentz compo-
nent, C is a shape parameter
and Eg is the Tauc-Lorentz
band gap. The latter is a
key parameter which corre-
sponds to the energy onset
of ε2 and k.
The real part of the dielec-
tric function of the Tauc-
Lorentz model ε1 is calcu-
lated via the Kramers-Kronig
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relation [TH06]:







ω′2 − ω2 dω
′ (3.14)
with ω being the angular frequency.
The top layer is once more assumed to be a silicon oxide layer and the optical constants
used are the same one as for the intermediate layer [Pal91].
3.5. Raman Spectroscopy
Scattering of light within matter can be separated into two distinct processes:
Elastic scattering is a process where the energy of the incoming photon Ei = h¯ωi is
equal to the energy of the scattered photon Es = h¯ωs:
h¯ωi = h¯ωs (3.15)
h¯ is the Dirac constant and ω = 2piν with ν being the frequency of the light. Elastic
scattering is also known as Rayleigh scattering.
Inelastic scattering is a process where the energy of the scattered photon differs from
the energy of the incoming photon. However, the law of conservation of energy
within an isolated system states that the energy is conserved over time. Therefore,
the scatterer received energy from or transferred into the scattering photon. In a
crystal the scattering process may create a phonon with an energy h¯Ω:
h¯ωi = h¯ωs + h¯Ω (3.16)
In this case the scattered photon possesses less energy than the incoming one.
Generally, inelastic light scattering is called Raman scattering. (There is the ex-
ception for the special case of scattering with extinction or creation of acoustical
phonons. In this case the process is called Brillouin scattering.)
Raman scattering can be further subdivided into Stokes and Anti-Stokes scattering.
Stokes scattering is the process in which the energy of the scattered photon is smaller
than the energy of the incoming photon, Anti-Stokes is the process where it is larger.
In order to probe Raman scattering experimentally one uses a strong monochromatic
light source – nowadays commonly a laser. Photons emitted from the laser posses a
18
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wavelength λ and energy of Elaser = h · cλ (with c being the speed of light). The scattered
light is collected by a spectrometer. The spectra are commonly plotted over wavenumbers




= ν¯laser − ν¯s (3.17)
ν¯ represents the energy in wavenumbers and h is the Planck constant. One must note
that positive values correspond to Stokes scattered light with lower energy than the laser.
3.5.1. Raman Fundamentals
This section will provide the classical deduction of Raman scattering following [YC10,
FNB94]. If the electrical field E of the light interacts with matter it creates a polarization P
or modifies the dipole moment p of a molecule. The relationship between the electrical
field and the polarization state can be expressed in terms of the susceptibility tensor χ or
the polarizability tensor α:
P = αE = ε0χE (3.18)
ε0 is the vacuum permittivity. The oscillations of the electrical field induce oscillations
of the dipole. The oscillating dipole then emits electromagnetic radiation and therefore
scattered light.
If an additional oscillation with an eigenfrequency of ωp
2pi
is present, e.g. by the presence of
a phonon, then the χ will become modulated by it. One can mathematically expand χ into
the following expression in dependence of a generalized coordinate q at the equilibrium
position q = 0 and χ = χ0:







· x+ o (∣∣x2∣∣) (3.19)
The harmonic approximation allows the explanation of first order scattering processes.
Higher order scattering terms like multi-phonon scattering would require a expansion
into higher orders.
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One can now introduce the following equations of the harmonic oscillations:
q(t) = q0 cosωpt (3.20)
E(t) = E0 cosωit (3.21)
The first one is the description of the additional oscillation, e.g. the oscillation of the
phonon. The second equation is the description of the oscillation of the electric field.
Together with (3.18) and (3.19) P becomes:


















E0 cos ((ωi + ωp) t)
(3.22)
The first term allots to the Rayleigh scattered light which has the same frequency as
the incoming light. The other terms represent the Stokes and Anti-Stokes scattered
component with a frequency of ωi − ωp and ωi + ωp, respectively.
Thus, classic theory in harmonic approximation grants the right Raman shifts. It de-
termines a Rayleigh, Stokes, and Anti-Stokes scattered component. However, the
measured intensities are dominated by quantum mechanical effects and meaningless in
the classic approximation.





Figure 3.2.: Sketch of energetic transitions during Raman
scattering.
One may introduce a
simplified quantum me-
chanical description of
the first order Raman ef-
fect in the following way.
A photon with the energy
h¯ · ωi interacts with the
scatterer. The phonon is
annihilated and the en-
ergy transfered from the
phonon to the scatter at an initial state |0〉. The scatterers are elevated into an excited
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state |1〉. Commonly |1〉 is a virtual state existing by the means of Heisenberg uncertainty
principle. The scatterer relaxes back to a state of lower energy and thereby emits a
photon with the energy h¯ · ωs. Figure 3.2 provides a sketch of these processes.
In the case of Rayleigh scattering which is elastic and without energy transfer the initial
state |0a〉 and final state are identical. In the case of Stokes and Anti-Stokes scattering
this is not the case. For Stokes scattering the system is initially at a state |0a〉 and
after scattering at a vibrational excited state |0b〉. In the opposite case of Anti-Stokes






Figure 3.3.: Dominant effect for Raman scattering in
time dependent third order perturbation
theory.
Energy is conserved within the whole
process. The difference in energy be-
tween the states |0a〉 and |0b〉 is there-
fore equal to the amount of energy
lost or perceived by the photon. Fur-
thermore, the energetic difference be-
tween the vibrational excited state |0b〉
and the relaxed state |0a〉 corresponds
to the energy of the vibration, e.g. the
energy of a phonon within the sample.
A more elaborated description of the
first order phonon scattering process is obtained in terms of time dependent third order
perturbation theory [EG96]. One has to consider permutations of absorbing and emitting
the photon and the creation of a phonon. The dominant term of the susceptibility consists
of the following transitions for Stokes scattering [Lou63] (s. fig. 3.3):
1. Creation of an exciton and excitation of the system with a photon from the initial
state |0〉 into the virtual state |1〉.
2. Relaxation of the system by creation of a phonon h¯ · Ω into the virtual state ∣∣1˜〉.










(E1˜ − h¯ωs) (E1 − h¯ωi)
(3.23)
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Here, m0 is the rest mass of an electron, q its elemental charge, V the scattering volume,
pα and pβ are vector components of the dipole operator of the incoming and scattered
light, HE-L is the Hamiltonian for the electron-phonon-interaction, and E1, E1˜ are the
energies of the excited states |1〉 and |1˜〉. The indices α and β embrace each four pieces
of information: the band numbers and wave vectors of a valence and conduction band
state.
Anti-Stokes scattering involves the annihilation of a vibrational eigenmode like a phonon
(which must exist beforehand). Stokes scattering involves the creation of one. Vibrational
eigenmodes are bosons which therefore obey the Bose-Einstein statistics. Therefore, it
is always more likely to create a vibrational eigenmode than to annihilate it and Stokes
intensity is always larger than anti-Stokes intensity. Thus, commonly only the Stokes
spectrum is measured and referred to as Raman spectrum.
3.5.3. Crystalline and Amorphous Silicon
Figure 3.4.: Silicon phonon dispersion relation. Ex-
emplary shown for the Γ Λ→ L direc-
tion [TPZ72].
During the Raman scattering process
both energy and momentum of the
system is conserved. Energy conser-
vation, as discussed in the preceding
sections, allows the correlation of the
spectral position and the energy of
the vibrational modes. This section
will focus on the effect of momentum
conservation which provides the sen-
sitivity of Raman spectroscopy to the
structure of silicon.
c-Si is a nonpolar semiconductor with
diamond crystal structure. There are
two atoms per unit cell and there-
fore 6 phonon branches of which
three are optical phonon branches
and three are acoustical. In Raman
spectroscopy the incoming light as
well as the scattered light possess
wavelengths within the visible up to
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the near infrared or near ultra violet regime. However, the wavelengths of the light which
exceed the 100 nm are orders of magnitude larger than the lattice parameter of silicon
(≈ 0.5 nm). The wave vector of light therefore is orders of magnitudes smaller than width
of the Brillouin zone in silicon. Due to quasi momentum conservation Raman scattering
in c-Si therefore only interacts with phonons very close to the Γ-point with k ≈ 0.
For c-Si the spectrum is therefore dominated by the response of the optical phonon
modes with k ≈ 0. Figure 3.4 shows exemplary the phonon dispersion in the direction of
Γ
Λ→L as calculated in [TPZ72]. The Raman feature is a sharp peak at 521 cm−1.
In a-Si there is no long range order present. The principal of quasi momentum con-
servation relaxes because the disordered lattice may compensate for the momentum
of a phonon. Therefore all phonons become optically active. The Raman spectrum
therefore resembles the phonon density of state [KSM+84]. A broad Raman mode at
around 480 cm−1 – 485 cm−1 from the transversal optical (TO) phonon branch becomes
the dominant part of the Raman spectrum. Strictly speaking even the term ‘phonon’ is
not correct in the case of amorphous silicon as the vibrational eigenmodes are distorted
due to the absence of long range order.
Figure 3.5.: Correlation of Γ/2 and the average bond
angle dispersion ∆θ [RFiC08].
The spectral shape of the TO-phonon
like mode in a-Si was experimen-
tally [FL89] and theoretically [THP84,
MZ97] found to be related with the
structural disorder. To quantify dis-
order the average angular deviation
from the ideal tetrahedral bonding in
c-Si ∆θ is used as a parameter. It
was reported by a number of authors
that the full width at half maximum
(FWHM) of the TO mode or more pre-
cisely the half width to the higher en-
ergy side Γ/2 is linear dependent of
∆θ. However, to the present date
there is no agreement about the de-
pendence. Roura et al. [RFiC08] assembled together the relations published by six
authors and compared them (s. fig. 3.5).
The Raman mode at 521 cm−1 which is typical for the crystalline silicon is not present
as a single mode in the spectra of a-Si. Instead it is part of the broad Raman fea-
23
Dissertation P. Schäfer 3. Theoretical Background
ture around 480 cm−1. Therefore, Raman spectroscopy can easily distinguish between
microcrystalline and amorphous silicon (s. also [ASG+10]). A distinct feature around
520 cm−1 clearly shows the presence of silicon crystallites which contribute to the signal.
Depending on the size of the crystals it is known that the position slightly shifts to lower
wave numbers and the asymmetry of the peak increases [CF86]. For crystallites below
3 nm an additional mode at 510 cm−1 occurs [MZ97]. Only purely amorphous silicon
lacks both of these modes.
3.6. Charge Transient Spectroscopy
QTS is an experimental technique which analyzes electrical trap states within semicon-
ductors. It was derived from deep level transient spectroscopy (DLTS) by Kirov in 1981
et al. [KR81]. DLTS itself was developed in 1974 by Lang [Lan74]. A more advanced
QTS setup was introduced by Farmer et al. in 1982 [FLM82] on which most QTS setups
nowadays are based on.
DLTS is based on the measurement of capacitance changes due to charges trapped
within the space charge region. QTS measurements directly evaluate the current stem-
ming from the relaxation process of the trapped charged carriers. Therefore QTS
overcomes the limitation of DLTS for the case where either the relationship between
capacitance does not change with the number of trapped carriers or is hard to be deter-
mined. The first limitation is for instance present in the case of a metal-insulator-undoped
amorphous silicon sample (as described in [NDP97]). The latter limitation applies for in-
stance to standard DLTS-systems for amorphous silicon which measure the capacitance
with frequencies of 1 MHz – 20 MHz. Here the charge carriers within the amorphous
silicon are not able to follow the frequency of the electric field freely (due to permanent
trapping and emission processes [MGC85]).
3.6.1. Defects and Trapping
Imperfections in a semiconductor like foreign-interstitials, foreign-substitutions, vacancies,
and stacking faults cause so called electronic defect or trapping states. They locally
modify the electric potential V (r):
V (r) = V0(r) + Vdefect(r) (3.24)
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with V0(r) being the electric potential of the defect free semiconductor and Vdefect(r) being
the additional potential of the defect.
A further discrimination between shallow and deep defect is made. Shallow defects
like the once introduced by doping possess low potentials commonly below the thermal
energy |Vdefect(r)| < 3kBT . They have a long range effect based on the coulomb potential.
Deep defect states possess not only higher potentials but they are commonly more
localized. Coupling to phonons or higher order effects like dipole or quadrupole are the




(a) (b) (c) (d)
Figure 3.6.: Trapping and emission processes within a semi-
conductor: (a) electron trapping, (b) electron emis-
sion, (c) hole trapping, (d) hole emission.
The trapping and emission
processes from traps due to
thermal energy was first de-
scribed by Shockley, Read,
and Hall [SR52, Hal52]. In
this model traps are as-
sumed to be point defects
and therefore possess a
localized, single energetic
state Et in between the va-
lence Ev and conduction band Ec. A sketch of the trapping and emission processes
is provided in figure 3.6. Let n0 be the density of free electrons and p0 the density of
free holes – nt and pt are the densities of the corresponding trapped counterparts. Then
the trapping rate is equal to cnn0 for electrons and cpp0 for holes. The coefficients cp
and cn are called capture coefficient. A trap which more likely traps electrons and thus
cnn0  cpp0 is called an electron trap or acceptor trap. Vice versa, a trap with a high
trapping possibility of holes and cnn0  cpp0 is called a hole trap or donor trap. Emission
rates are independent of the electron and hole concentration and referred to as ennt and
eppt. Here ep and en are the emission coefficients.
The full set of rate equations for this system has the following form [SFRJ70]:
−dn0
dt
= cnn0pt − ennt (3.25)
−dp0
dt
= cpp0nt − eppt (3.26)
−dnt
dt
= (cnn0 + ep) pt − (cpp0 + en)nt (3.27)
= −(cnn0 + en + cpp0 + ep)nt + (cnn0 + ep)Nt
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Here Nt is the total concentration of traps.
For analysis of QTS experiments two fundamental cases are of major importance. On
the one hand, the trapping mechanism and, on the other hand, the emission of carriers.
Different assumptions are made for the deduction of each case. Therefore, both cases
will be discussed in the two following individual sections.
Carrier Trapping Mechanism
Trapping is discussed for the cases where carriers of either electrons or holes are present
(n0  nt or p0  pt). Furthermore, the concentration of majority carriers are considerable
higher than the concentration of minority carriers (n0  p0 or p0  n0).
One can now introduce the ratio f between the density of trapped electrons and the total








If one considers that an empty trap state for an electron lacks an electron but for a hole is
filled with one (also compare fig 3.6), the second part of the equation becomes obvious.
Now one can substitute nt and pt with f and (3.25) and (3.26) become:
−df
dt
= cnn0(1− f)− enf and (3.29)
−df
dt
= −cpp0f + ep(1− f), (3.30)
respectively. If you let the system relax to thermal equilibrium there is no more change
of f and thus df
dt
→ 0. Equations (3.29) and (3.30) are therefore no longer differential
















for p0  n0 (3.32)
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The temperature dependence of the population is obtained by linking the Fermi-Dirac










for p0  n0 (3.33)
Carrier Emission Mechanism
In contrast to the previous section where carrier trapping at thermal equilibrium was
considered for the emission of carriers one requires to know a time resolved information.
The time (and temperature) dependent carrier emission directly translate into the charge
transient which is the measured signal. For the emission case we assume emission from
the space charge region.
Therefore, no free carriers are present and n0 = p0 = 0. With this and the approximation
that only the dominant emission mechanism for hole or electron emission is considered
(3.28) becomes a linear differential equation:
−dnt
dt
= ennt for en  ep (3.34)
−dpt
dt
= eppt for ep  en (3.35)
The linear equation (3.34) is solved by an exponential ansatz nt(t) = nt,0 · e−t/τ and that
nt,0 are the number of occupied trap levels at t = 0 (nt(0) = nt,0).




for en  ep (3.36)
i(t) = −qAWpt,0 e
−t/τ
2τ
for ep  en (3.37)
This solution considers a boundary condition of uniformly distributed traps within the
depletion volume. A is the diode area and W is the depletion width. q represents the
elemental charge.
Integration of the current with respect to the time yields the charge transient Q(t) and
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confirms the exponential solution for (3.34).
Q(t) = Q0 · e−t/τ which is (3.38)
Q(t) = −1
2




qAWpt,0 · e−t/τ for ep  en (3.40)
For the evaluation of the trap energies it is required to consider the influence of the














for ep  en (3.42)
The variables Nc and Nv represent the effective carrier concentration at the valence band
and at the conduction band, respectively. These equations may be transformed into the
















+ ln (cpNv/s) for ep  en (3.44)
The Arrhenius plot is the graphical form of these equations, namely, the logarithmically
trap emission time constant over the inverse temperature. The slope of lines within this
plot are therefore related with energy of the defect state, the y-axis intercept with its
concentration.
3.6.2. Charge Transient Spectroscopy Fundamentals
A QTS measurement measures the emission time constant and the number of charges
emitted in defined conditions from trap states. Therefore a voltage pulse Vp for the
duration of tp is applied to the sample. Afterwards the voltage is switched to a constant
bias voltage V0. In case of a diode structure V0 is a reverse bias voltage and Vp pulses
towards forward current. The depletion region at the diode junction decreases due to
the voltage pulse. During the voltage pulse charge carriers get trapped in defect level
within former depletion region. Afterwards the voltage is reset to V0. Now, due to thermal
activation of the carriers the defect states emit the carriers.
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Figure 3.7.: Simulated charge transient and three stage cor-
relation filter functions (as defined in (3.38) and
(3.46)) with Q0 = 0.5 pC, τ = 4 · 10−3 s, an addi-
tional current of 0.21 pA, and an initial charge of
the integrator corresponding to 0.3 pC signal.
In the previous section the
current i(t) for carriers emit-
ted from deep level trap
states was derived. A cur-
rent proportional to e−t/τ/(2τ)
was found in (3.36) and
(3.37). A direct measure-
ment of the current would
have the drawback that for
large time constants τ the
current will become small. A
QTS setup overcomes this
obstacle by electronic inte-
gration of the current. The
measured signal is thus a
charge q(t) with the time
dependence of (3.39) and
(3.40). It does not contain the limiting factor 1
2τ
.
In order to eliminate effects of the integrator state after the charging pulse and reverse
bias currents one can utilize a filter function. A three stage correlation filter dQ(t) can be
defined in the following way:






















The second form (3.46) assumes an exponential decaying charge transient which was
derived for a monoenergetic point defect levels in (3.38). A presentation of this filter is
presented in figure 3.7.
The coefficients of the filter are chosen in such a fashion that the absolute, linear, and
quadratic order of such an exponential decay cancel out and have no influence on the
filter function. In the plot one can see that despite the offset and the constant current of
the transient do not influence the filter.
The filter is in the shape of a single peak for an exponential decaying charge transient.
The FWHM of the peak is an independent constant of 1.02 over a log10(t/s) axis. The
maximum position tmaximum and hight Qmax of the filter is correlated with τ constant and
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Q0 [CA81]:










Qmaximum = 0.174Q0 (3.48)
Broader peaks are observed in case of a combination of multiple discrete trap levels
[TZD04] or a distribution of trap energies [TTD+97]. The dQ-filter is the sum of three
linear dependencies from the measured transient. Therefore, any number of superpo-
sitioned exponential decaying transients result into the same number of independent
superpositioned filter peaks.
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4. Experimental Setup and Sample
Preparation
In this chapter the individual setups for the measurement of the samples are
presented. Furthermore, a description of the deposition procedure of the













Figure 4.1.: Schematic drawing of the deposition setups
PLS500/PLS570.
The deposition of the a-Si lay-
ers were performed in one of
three setups by members of
the solid state physics depart-
ment. The Balzer PLS500
and PLS570 (s. fig. 4.1) se-
tups offer a high amount of
flexibility. The targets used
in these two chambers have
a 4′′ (≈100 mm) diameter
which are mounted on a sam-
ple stage at a distance of
9 cm from the target. Be-
cause of the low sample size
it is possible to switch be-
tween different targets easily: even regular 4′′-silicon wafers may be used as targets.
The electrical potential of the target holders is fixed at ground potential by an external
electrical connection with the vacuum chamber.
The power supply for the plasma discharge is a Pinnacle Plus by Advanced Energy. Gas
inlets for Argon and Hydrogen is regulated by electronic gas flow controllers. With a
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heater attached to the sample stages heating of the sample substrates up to 600 ◦C is
possible. The vacuum pumping stage consists of a turbomolecular pump attached to a
rotary vane pump.
The third setup is an S400 system by FHR Anlagenbau. It is equipped with a dual mag-
netron source DMS400. The silicon targets with a dimension of 400 mm x 130 mm x 10 mm
are provided by FHR Anlagenbau. Over the time of the dissertation a sample heating
stage was installed and a gas inlet for hydrogen was attached. The heater is a SU-200
with an VTAC SU-A750-220V controller which are commercially available from MeiVac.
4.2. Sample Preparation
Table 4.1.: Plasma cleaning parameters.
Parameter Value
Substrate Potential −150 V
Argon Pressure 2 Pa
Argon Flow Rate 50 sccm
Edging Time 10 min – 30 min
All the sample preparations and sputter
deposition were performed by members of
the solid state physics department (F. No-
bis, E. Breyer, and M. Seifert) and not by
the author.
The multitude of measurement techniques
have requirements on the sample which
could not easily be fulfilled by a single
substrate. Therefore, the samples were
grown onto both glass and silicon sub-
strates. Quartz glass and borosilicate glass were used as substrate for the elevated
temperature studies. They were chosen in order to avoid material diffusion from glass
into the film.
The glass substrates were used for Raman studies (in order to avoid c-Si contribution
from the substrate) and resistivity measurements where a high ohmic substrate is
required. The silicon substrates were used for infrared spectroscopy (as silicon is mostly
transparent in the infrared spectral region and glass is highly absorbing) and VASE
studies (since c-Si has very well defined optical constants). The silicon substrates were
generally chosen to be double-sided polished for the FTIR studies. Additional samples
were prepared on one-side polished c-Si for VASE studies for some of the samples.
The silicon wafers used were terminated by native silicon oxide layers. Before silicon
was deposited onto the substrate they were cleaned. This was done chemically with
acetone and afterwards with a plasma cleaning step in the corresponding sputtering
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Table 4.2.: Overview on the deposition parameters. (1 – this corresponds to floating and shifted
floating potential caused by capacitive coupling of the heater, respectively)
PLS500 PLS570 S400
argon partial pressure / Pa 0.4 0.4 0.4
argon flow rate / sccm 50 50 50
power / W 250 500 90
power density / W cm-2 12 4.4 2.5
frequency / kHz 50 60 50
duty cycle 75 % 85 % 50 %
sample-target distance / cm 9 9 10
substrate potential / V ground ground -125, -1751
temperature / ◦C <50 100 – 350 <50 – 450
hydrogen flow rate / sccm 0 – 80 4 – 60 0 – 80
target resistivity / mΩcm 20, 80 20, 80000 20
deposition rate / nm
min
≈ 30 ≈ 10 ≈ 15
layer thickness / nm ≈ 300 ≈ 300 ≈ 300
setup. For plasma cleaning Argon was used as process gas. The relevant parameters
are summarized in table 4.1. With the given parameters the power for the cleaning
process was found to be 20 W.
The deposition parameters are summarized in table 4.2. The influence of hydrogen con-
tent and doping concentration was studied for samples deposited without substrate heat-
ing in the PLS500 setup. Two distinct boron doping level concentrations of 3 · 1018 cm−3
( ∧=20 mΩcm) and 3 · 1017 cm−3 ( ∧=80 mΩcm) were compared. The targeted thickness for
deposited layers was 300 nm.
In the S400 setup the line frequency filter of the heater was found to provide a capacitive
coupling to ground potential after a complete set of samples were analyzed. Instead of
the expected floating potential a potential shifted by −50 V was found. The heater was
afterwards decoupled from common ground in order to determine the influence of the
shifted bias.
4.2.1. Heterostructure Diode Preparation
Heterostructure diodes were prepared in the S400 setup as well as in the PLS570 setup
by F. Nobis. A first series was deposited in the S400 setup. In order to switch to additional
targets the next series were deposited in the PLS570. In addition to the cleaning step
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the preparation of heterostructure diodes requires the removal of the native silicon oxide
from the substrate wafer: an etching step by dipping the substrates for 1 min in 5 %
hydrofluoric acid was applied. After etching the substrates were rinsed with distilled
water. The substrates were transfered into the vacuum immediately (≤ 10 min) after
the rinsing in order to avoid reoxidation. For the samples with layers deposited in the
PLS570 n-doped silicon (111) wafers with phosphorous as dopant and a doping level
concentration of 2 · 1015 cm−3( ∧=3 Ω cm) were chosen as the substrate. For the samples
deposited in the S400 comparable substrates of P-doped silicon (111) with a doping
level concentration of 1 · 1015 cm−3( ∧=4.5 Ω cm) were used instead.
In order to improve the reproducibility of sample properties another cleaning/oxidation
step was introduced before the etching: The substrates were immersed into a piranha
solution (1:1 H2SO4 + H2O2) at room temperature for 10 min. This improved cleaning
procedure was applied to all the substrates for samples deposited in the PLS570 setup
and proposed and performed by F. Nobis.
A second set of samples was sputtered from a 5N-intrinsic silicon target ( ∧=80 Ω cm) in
the PLS570 setup. With the help of theses sample one can therefore study the influence
of substrate doping on the c-Si/a-Si:H interface.
4.2.2. Electrical Contacts
Figure 4.2.: Sample geometry for heterostruc-
ture diodes (second pair of contact
pads is only present for the doped
samples deposited in the PLS570
substrate and for samples prepared
in the S400 if explicitly stated).
Ohmic contacts are required in or-
der to measure the resistivity with a
two-point probe technique and to con-
tact the heterostructure diodes. Nickel
(80 wt %)/chromium (20 wt %) pads were
therefore sputtered on top of the samples.
The deposition chamber for these contacts
is a Univex 450 with argon as process
gas. The deposition power was set to 50 W
( ∧=2.5 W/cm−2) and was running for 15 min
at an argon partial pressure of 0.12 Pa. No
pads were prepared for the samples de-
posited in the PLS500 for studies of the
hydrogen influence.
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In order to prepare larger number of samples a simplified approach was chosen for most
of the samples prepared in the S400 setup. A chip of silicon with a width of 1.3 mm was
used as a shadow mask to separate two contact pads. The width of this contact pad
is equal to the full width of the sample and varied in a range of 22 mm – 24 mm from
sample to sample. If not explicitly stated otherwise this contact pad layout is assumed.
For heterostructure diodes a mask was constructed so that contact pads according to
figure 4.2 were deposited. The pads possess a geometry of 4 mm by 4 mm. A current flow
between a central pad and a side pad has to pass through the a-Si:H/c-Si-heterojunction.
The parameters for the deposition and the material were proposed by F. Nobis. The
deposition was performed by members of the solid state physics department, mainly
F. Nobis.
4.3. Electrical Measurements
All of the electrical measurements were performed by F. Nobis, M. Seifert and E.T. Breyer
who are members of the solid state physics department. Further details are part of either
completed (E.T. Breyer [Bre11] and M. Seifert [Sei12]) or ongoing thesis (F. Nobis) of
the corresponding authors. Since electrical properties belong to the most important
parameters for layers which are intended for photovoltaic applications the measurement
parameters and results are included in this work.
For the measurement of the resistivity two approaches were made. Initially the samples
(deposited in the PLS500) were measured with either a Keithley 2636A or a Keithley
2410 source meter unit. 4-point-probe contacts were achieved by the measurement
head Signatone SP4. The tips of this head are made from tungsten carbide. The contact
diameter is 0.008′′ (=0.02 mm) and the spring force is 0.85 N. This force pushes the
probe tips onto the sample. Resistivity measurements were performed at three currents
and the average value was assumed. However, the maximum resistivity which can be
measured corresponds to 1 · 107 Ω cm.
For the samples deposited in the PLS570 and S400 contact NiCr contact pads were
deposited on top of the a-Si layers (s. chapter 4.2.2). The larger contact pads allowed
2-point probe measurements up to 1 · 109 Ω cm with the source meter units and up
to 1 · 1011 Ω cm with the Keithley 6517B electrometer which was acquired for this pur-
pose. E. Breyers diploma thesis contains a complete chapter about the estimation and
35
Dissertation P. Schäfer 4. Experimental Setup and Sample Preparation
examination of correction factors for the 4-point-probe measurements, the revision of in-
dependence of contact pad geometry on the specific resistivity, and the correspondence
of the results of both methods (s. ref. [Bre11], chapter 5).
IV curves for the heterostructure diodes were measured with the 6517B electrometer.
Initially this was done manually at 16 selected voltages within −2 V to 2 V. At each point
the voltage was applied and current was recorded after the current stabilizes. F. Nobis
developed a program for automated measurement of the IV characteristics. With it the IV
curves were recorded with a constant voltage step of 0.02 V.
4.4. Infrared Spectroscopy










measurement range 400 cm−1 –
7000 cm−1
For infrared measurements a Ver-
tex 80v by Bruker was used. It
is a vacuum spectrometer which
operates at a base pressure of
<2 mbar. The reduced air pres-
sure and specifically the lower
water and CO2 partial pressure
efficiently suppresses the corre-
sponding vibrational modes in the
spectra. The clear aperture of the
sample holder is circular with a di-
ameter of 8.5 mm. The configura-
tion for the measurement is sum-
marized in table 4.3.
The calculation of the hydrogen content and microstructure parameter was performed
according to chapter 3.3.3 (p. 15). The evaluation was performed manually for the first
few samples using the commercial Origin 8 software by OriginLab. Later on a self-made
program written in Python 2 and equipped with a graphical user interface was used
for evaluation. It includes all the formalisms and corrections introduced and contains
routines for fitting and visually inspecting the fit quality.
An error of the hydrogen content by the analysis of hydrogen vibrational modes was
specified to be up to 20 % by the authors of ref. [LFN+92]. Statistical errors of the fit as
well as errors induced by the signal-to-noise ratio were found to be more than an order
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of magnitude below this. They can therefore be neglected and the total maximum error
can be assumed as 20 %.
4.5. Variable Angle Spectroscopic Ellipsometry
Table 4.4.: Overview of the measurement parameters
for the individual VASE spectrometers. (1–
not applicable for this setup, 2– the disper-
sive element causes equidistant steps for the
wavelength)
Parameter VASE® M-2000®
energy range 0.73 eV – 5.00 eV
step 0.02 eV 1.6 nm2
incidence angles 65°, 70°, 75°
integration time –1 5 s
spot diameter 8 mm 1 mm
The ellipsometry measurements
were performed with one of two
setups by J.A. Woollam. Both
are variable angle spectroscopic
ellipsometers with motor driven
goniometers and infrared expan-
sions which enable measure-
ments in the range of 248 nm –
1700 nm (which corresponds to
5.0 eV – 0.73 eV).
Details of the measurement pa-
rameters are listed in table 4.4.
The first setup which is simply
named VASE® uses a monochro-
mator to set the spectral energy of the incoming light. For each spectral energy an
individual measurement is performed. The software is set into dynamic averaging mode
with minimum 10 and maximum 100 individual measurements per data point. The soft-
ware WVASE32 automatically determines when to stop within this range considering the
standard deviation of the measurements. This shortens significantly the measurement
time and yet yields good signal-to-noise ratios.
The second setup which became available during the time of this thesis is an M-2000®
spectrometer. In contrast to the VASE® setup it contains a multichannel CCD detector
and the whole available spectrum is recorded simultaneously for each measurement.
This lowers the measurement time for a full spectrum scan including depolarization
information and the full 360° range of Ψ and ∆ from approximately half an hour to a few
seconds. An improved signal-to-noise ratio is achieved for this setup by setting a longer
measurement time per spectrum rather than averaging over a larger number of individual
measurements. Furthermore, focusing lens arms reduce the measurement spot size
diameter to 1 mm. In combination with the motorized table, a mapping of the sample can
be performed.
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For the model evaluation according to chapter 3.4 (page 15) the corresponding software
packages of the setups were used. These are WVASE32 for the VASE® spectrometer and
CompleteEASE for the M-2000® spectrometer. In the models for the samples measured
with the M-2000® spectrometer two non-idealities are considered: The spectral bandwidth
of 5 nm of each CCD pixel and the angular spread of 0.3° which is introduced by the
focusing lenses.
A third form of non-ideality must be considered if the silicon substrate is double-sided
polished. In this case the light gets back-reflected at the backside surface. The optical
path is then commonly larger than the coherence length of the light source and incoherent
superposition of the incoming and reflected light occur. This effect can no longer be
perfectly modeled. However, both programs offer an option to compensate for most of
the deviation caused by the effect.
For a number of samples one-side polished substrates were used in order to avoid this
effect completely. These samples include all of the samples deposited in the PLS500
setup which are presented in this work. The affected spectral region is below the indirect
band gap of c-Si (1.12 eV) where the absorption of silicon is negligible. If the Tauc-
Lorentz band gap of the deposited layer is located more than 0.1 eV above the c-Si band
gap no one-sided polished substrate are required.
In order to obtain an error bar for the Tauc-Lorentz band gap the best fit model for
three samples with a high (2.1 eV), a low (0.88 eV), and an intermediate band gap
(1.4 eV) were analyzed. The band gap was artificially set to different values and the
remaining parameters were fitted again. While at 5 % deviation from the best fit value still
reasonable fits could be achieved the band gap with a 10 % deviation had a significant
impact on the fit quality. Therefore, a maximum relative error of 10 % is assumed.
4.6. Raman Spectroscopy
For Raman measurements either a Dilor XY 800 or a Horiba LabRAM HR setup was
used. The light source was either the 488.0 nm (2.54 eV) or the 514.5 nm (2.41 nm) laser
line emitted from an Ar+ laser. The LabRAM HR is capable to measure with UV light
excitation. The 325.0 nm (3.81 eV) line of a HeCd laser was used additionally in certain
cases to limit the penetration depth (chapter 6.1.2, p. 79).
The Raman signal of amorphous silicon is orders of magnitudes below the signal of
crystalline silicon. Each grating of the XY 800 reduces the light intensity to at most
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Figure 4.3.: Schematic drawing of the macro-configuration for the Raman setup Dilor XY 800.
The layout of the spectrometer is flattened in order to sketch it.
60 %. In order to achieve signals above the noise level the macro-configuration was
used (s. fig. 4.3). In this configuration the laser is focused by a focusing lens and
not by a microscope optics onto the sample. The focus diameter is significantly larger
(approx. 0.3 mm) and high laser intensities at around 75 mW were possible before the
sample structure was modified by the laser beam. The incidence angle of the laser is 30°,
however, the light gets diffracted into the amorphous silicon layer and thus a geometry
close to backscattering geometry (Porto notation z(xu)z) is achieved.
A LabRAM HR became available over the course of this work. It is a single spectrometer
setup with an additional low pass optical filter. The therefore higher Raman intensity
made it the preferable choice for measurements. Good signal to noise ratios were
achieved in micro-configuration, i.e. focusing with microscope optics.
4.7. Charge Transient Spectroscopy
The QTS setup is a self-built solution. It was constructed during the diploma thesis of
M. Arnold [Arn09]. It consists of a liquid nitrogen cryostat (AME Cryodin 91), the self-built
electronics, and a measurement computer. The communication with the cryostat is
established over a general purpose interface bus (GPIB). The measurement software is
a Pascal program which directly controls and triggers the timings of the measurement
electronics.
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Figure 4.4.: Block diagram of the QTS compo-
nents. Thick line represent ana-
log signals, thin line digital signals.
Connections with supporting func-
tions like triggers are drawn dashed
and their function is labeled.
The cryostat controller received the tem-
perature readings of a Constantan-copper
thermocouple. The lack of a safety switch-
off circuit in combination with an acciden-
tally established ground contact of the ther-
mocouple damaged the system. In the
process of repairing there was no other
option than to replace the thermocouple
with another temperature sensor. A bridge
electronic was therefore introduced which
converts temperature measurements of a
Pt100 resistor for the system [Bü11].
Figure 4.4 shows a block diagram with the
interconnection of the components of the
QTS electronics. The components and
their functions are stated in the following
section:
The pulse generator consists of two
digital-to-analog converters (DACs) which
individually set the high and low electronic
potential for the pulse. An electronic switch controlled by the measurement applies either
the high or the low potential to the sample.
The integration head consists of an operational amplifier (OpAmp) with a capacitor
feed back loop collects the charges from the sample. A compensation current which
holds up for the reverse current of the sample is introduced over a resistor by another
DAC.
The filter module which applies the filter discussed in chapter 3.6.2 (p. 28) in form
of an analog electronic to the transient.
A preamplifier which increases the output signal before conversion. The amplifica-
tion of 1x, 10x, 100x, or 1000x can be set by a digital input signal.
The conversion module where the analog signal is converted by an DAC into a
digital signal. The output signal is then collected by the measurement software. This
module contains the three DACs used for the pulse generator and integration head.
Most of the QTS setups which are in use follow more or less closely the original design
published by Farmer et al. [Lan74]. However, the setup presented here possesses
a few noteworthy modifications. The feedback loop of the OpAmp is a capacitor for
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this setup and a RC device with a time constant of 20 ms in the case of the Farmer
setup. This limits the farmer setup to measurement times well below the time constant
and therefore approximately 1 ms. The disadvantage of the capacitor only solution is,
that one needs to discharge the capacitor manually. Therefore, an electronic switch
which attaches the resistor to discharge the capacitor needs to be triggered after each
measurement. The advantage is that one can measure up to theoretically infinite values
of t. Practically, the measurement window is limited by the fact that there is always a
portion of uncompensated reverse or leakage current through the sample. If the charges
sum up to the point where the output voltage of the OpAmp equals the supply voltage of















Figure 4.5.: Circuit schematic of the in-
tegration system of the QTS
setup.
The circuit schematic of the three stage corre-
lation filter is presented in figure 4.5. Sample-
and-holds (S/Hs) are analog integrated circuits
which posses two modes of operation: In sam-
ple mode the output voltage is kept the same
as the input voltage. In hold mode the output
voltage stays at the same level. Trigger signals
from the measurement computer put the S/Hs
in hold mode at the times t, 2t, and 4t, respec-
tively. In combination with a further scaling of
the voltage by resistors and an inverting ampli-
fier one obtains the filter described in (3.45).
4.7.1. Measurement
QTS measurements were performed on
a-Si/c-Si heterostructure diodes. Connection
to the contact pads was established with silver
spring contacts. The reference potential of the
system is given by the integrator. It was con-
nected to the sample substrate pad while the
pulse generator was connected to the pad on
the a-Si layer. During measurements a con-
stant bias voltage in reverse direction was ap-
plied. Pulses on top of this bias are meant to
reduce the space charge region and therefore applied in forward direction.
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5. Investigation of Amorphous Silicon
Layers
In this chapter the influence of deposition parameters on the layers is charac-
terized. Structural, optical, and electrical properties are studied. The samples
presented in this chapter are selected in such a way that one can study the influ-
ence on the single layer as such. In the succeeding chapter 6 (p. 73) interfaces
of amorphous silicon and crystalline silicon will be discussed.
5.1. Influence of Hydrogen
One of the advantages of depositions via dc pulsed magnetron sputtering is the fact that
hydrogen flow rate can be controlled independently. Hydrogen free layers are impossible
to produce with chemical vapor deposition techniques which use silane gas (SiH4) for the
formation of the silicon layers. The section will focus on three sample series. Series 6
and 7 which are sputtered from a 4′′ target with a power density 12 W/cm2 in the PLS500
setup and series 202 which were sputtered from a rectangular target with a power
density of 2.5 W/cm2 in the S400 setup. The duty cycle was 75 % for the deposition in
the PLS500 setup and 50 % for the deposition in the S400 setup.
A list of all the samples described and their relevant parameters is furthermore attached
in the appendix A.1 at page 97.
5.1.1. Hydrogen Content and Microstructure Parameter
The hydrogen content is directly influenced by the hydrogen partial pressure within
the deposition chamber. The analysis of the hydrogen content follows the procedure
described in chapter 3.3.3 on page 15. The FTIR transmission spectrum of the bare
silicon substrate, of a sample deposited with closed hydrogen leak valve, and of a sample
deposited with 40 sccm are present in figure 5.1. The measurement range spans up
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Figure 5.1.: FTIR transmission spectra in the range 400 cm−1 – 2500 cm−1 for the bare silicon
substrate (with native oxide) and two samples with layers deposited in the S400 with
no hydrogen flow and 40 sccm hydrogen flow rate, respectively (samples 202-82,
202-88).
to 7000 cm−1, however, no more absorption bands can be found in this region and the
spectrum is cut to the relevant range for a better overview.
Most of the absorption band are related to substrate absorption. Additional bands are
present for the sample with the hydrogenated layer. Their spectral positions correspond
to the expected Si-H wagging modes at 640 cm−1 and 840 cm−1 – 890 cm−1 and Si-H
stretching modes at 2000 cm−1 and 2100 cm−1 [LFN+92, BCC77]. These absorption
features do not appear in the spectrum of the silicon deposited without hydrogen flow
and confirms that it is indeed hydrogen free. Interferences within the 500 µm thick
silicon wafer induce broad interference structures. The first minimum occurs at around
2500 cm−1 and is responsible for the deviation in the higher wavenumber region of the
presented part of the spectra.
The spectral region of the wagging modes is dominated by substrate absorption bands.
The substrate does not possess any absorption bands in the region of the stretching
modes. In order to keep the error at minimum the analysis of the hydrogen content was
performed for the stretching mode absorptions. The next step for the determination of
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Figure 5.2.: Absorption coefficient calculated from infrared transmission spectrum for a hydro-
genated sample with 40 sccm hydrogen flow rate (sample 202-82) and substrate
transmission spectrum (s. (3.5)).
the hydrogen content is the calculation of the absorption coefficient (s. equation (3.5)).
The spectrum of the absorption coefficient for the sample deposited at 40 sccm hydrogen
flow rate is presented in figure 5.2. The absorption coefficient spectrum is additionally
corrected with a second order polynomial background. This correction is required in
order to compensate for not ideally corrected interferences by equation (3.6). A perfectly
aligned background is the requirement for the deconvolution of the stretching absorption
mode compounds. The deconvolved modes as well as the fitted envelope are included
in figure 5.2 as well.
An overview of the evaluated hydrogen content and microstructure parameters of three
sample series is presented in figure 5.3: the initial studies which were carried out in the
PLS500 with two doping concentrations of boron and a series of samples deposited in
the S400 chamber. The hydrogen content is found to be independent of the doping level
of the target and increases together with the hydrogen flow rates during deposition for
flow rates up to 20 sccm. At a point within 20 sccm – 40 sccm the increase of hydrogen
content stagnates and no additional hydrogen is found to be included into the layer even if
the hydrogen flow rate is further increased. The highest content is found at (25± 3) at. %.
One can assume that all possible hydrogen bonding sites are filled with hydrogen atoms.
The excess hydrogen atoms introduced by even higher hydrogen flow rate will diffuse
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Figure 5.3.: Comparison of the microstructure parameter and the hydrogen content in depen-
dence of the hydrogen flow rates for layers sputtered from 20 mΩcm and 80 mΩcm
target with a power density of 12 W/cm2 (PLS500) and layers sputtered with a power
density of 2.5 W/cm2 (S400).
out of the layer.
Unlike the hydrogen content the microstructure parameter does depend on the target
doping concentration. Despite the fact that this influence is rather subtle clear differences
larger than the error bars were found. Similar observations were made for rf-sputtered
amorphous silicon layers [MGJS93]: a higher boron doping concentration leads to a
higher microstructure parameter. Boron sites within the amorphous silicon act as traps for
hydrogen atoms and limit hydrogen diffusion during growth. This effect is only prominent
in the regime where the hydrogen content still increases (s. fig. 5.3).
Hydrogen may therefore remain at energetically less favorable locations and polyhydride
complexes are more likely to be formed. For the samples which were deposited at
reduced power densities of 2.5 W/cm2 the observed microstructure parameter is even
lower. Here, the slower growth with lower energetic particles will favor the relaxation into
monohydride bonding configuration.
For hydrogen flow rates of 40 sccm and above where the hydrogen content is at the
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saturation level the microstructure becomes independent of the boron concentration
and duty cycle. Indeed, this is a further indication that at these hydrogen flow rates all
possible hydrogen bonding sites are occupied in this case.
5.1.2. Optical Properties
Figure 5.4.: Optical constants in the energy range 0.7 eV – 5 eV of layers sputtered from
20 mΩcm target with a power density of 12 W/cm2 and a duty cycle of 75 % in
the PLS500 setup. The position of the excitation laser line at 488 nm for Raman
spectroscopy is given in addition.
The optical properties of the amorphous silicon layers were investigated by spectroscopic
ellipsometry. The details of the modeling procedure are covered in chapter 3.4.2 on
page 17. The optical constants were modeled accordingly. In figure 5.4 their evolution
with respect to the hydrogen flow rate is presented for samples from series 7. An
equivalent graphical representation to the optical constants would have been the plot of
the complex dielectric function. With possible applications as a photovoltaic device in
mind the optical constants were chosen over the dielectric function since the absorption
is immediately obvious from it.
With increasing hydrogen flow rate a general shift of the extinction coefficient towards
higher energies is observed. In addition, the overall absorption strength of the broad
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Tauc-Lorentz mode decreases. This effect is apparent even by the look at the samples.
Samples deposited at low hydrogen flow rates possess the typical gray-silver color much
like crystalline silicon. Layers deposited with higher hydrogen flow rates become more
and more transparent and orange as the absorption in the red breaks down. At hydrogen
flow rates of 40 sccm and above no further dependence of the optical constants on the
hydrogen flow rate is found. Particularly, higher hydrogen flow rates do not have any
further influence on the microstructure parameter and hydrogen content.
5.1.3. Tauc-Lorentz parameters
Figure 5.5.: Tauc-Lorentz band gap in dependence of the hydrogen flow rate for layers deposited
onto non-heated substrates. Layers sputtered from 20 mΩcm and 80 mΩcm target
with a power density of 12 W/cm2 (PLS500) and layers sputtered with a power
density of 2.5 W/cm2 (S400).
Figure 5.5 shows a plot of the Tauc-Lorentz band gap dependence on the hydrogen flow
rate. In addition, this plot contains the evaluated band gaps from samples of series 6
and 202 which were omitted from figure 5.4 for a better overview. In this comparison
figure of the series one can easily see the independence of the Tauc-Lorentz band gap
of samples on either series. Thus, neither the doping level concentration of the boron
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nor the reduced duty cycle for the case of samples from series 202 have an influence on
the band gap.
A linear relation between hydrogen content and Tauc-Lorentz band gap for dc pulsed
sputtered silicon was reported earlier by Pinarbasi et al. [PKA90]. This dependence is
consistent with the similarity of the plots of the Tauc-Lorentz band gap and hydrogen
content over the hydrogen flow rate. If one combines both of the information and plots the
estimated Tauc-Lorentz band gap over the hydrogen content one gets figure 5.6. Indeed,
a linearity between hydrogen content and Tauc-Lorentz band gap exists. However, there
is a mismatch between the slope reported by Pinarbasi et. al and the slope found for
the presented samples. A discussion of this discrepancy is provided in chapter 5.2.3 on
page 56 where the results are combined with those for samples deposited onto heated
substrates.
Figure 5.6.: Tauc-Lorentz band gap dependence on the hydrogen content for samples deposited
onto non-heated substrates. Layers sputtered from 20 mΩcm and 80 mΩcm target
with a power density of 12 W/cm2 (PLS500) and layers sputtered with a power
density of 2.5 W/cm2 (S400).
Approaches to specify the hydrogen content and void fraction of the material by an
in-depth analysis of the optical constants are found in literature [FiMRiCC04]. The
procedure involves the mixing of optical constants of the layer with an Bruggeman
effective medium approximation (B-EMA) [Bru35]. In the end the optical constants
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consist of a mixture of the following optical constants: first of all, there is the hydrogen
free amorphous silicon, then semi-empirically derived optical constants for silicon with
either one, two, or three bonds to hydrogen are generated, and finally gaps (with n = 1
and k = 0) are considered. Details to the derivation of the artificially generated constants
within this so called tetrahedron model are found in ref. [FiMRiCC04].
In order to limit the number of free parameters in this quite complex model the assumption
is made that hydrogen may be considered as totally uniformly and randomly distributed
within the silicon. This assumption is not fulfilled for the samples presented here: First of
all, the microstructure parameter is found to be dependent on the deposition process.
Additionally, in case of randomly distributed hydrogen the amount of single Si-H bonds
for a hydrogen content of less than 20 at. % is more than a magnitude larger than the
amount of multiple hydrogen bonds. The related microstructure parameter which is
reported here, however, is significantly higher at these hydrogen flow rates. Though, the
microstructure parameter does not directly yield the absolute amount of polyhydrides to
single bonded Si-H it can be excluded that for any of the sample series the assumption
of randomly distributed hydrogen is reasonable. Therefore, no evaluations assuming this
model were made.
5.1.4. Crystallinity
Table 5.1.: Tabulated values of the right hand side
half width half maximum of the TO-
phonon like mode (ΓTO/2) and the corre-








0 43± 4 11.6± 1.4
2 39± 4 10.3± 1.4
10 38± 3 10.1± 1.0
20 36± 3 10.2± 1.0
40 30± 3 7.5± 1.0
80 32± 3 8.0± 1.0
Raman spectra for samples from se-
ries 7 are presented in figure 5.7.
They were taken with the Dilor XY 800
spectrometer in macro configuration
with the 488.0 nm line of the Ar+ laser.
The laser intensity was adjusted to
75 mW. The dominant feature in the
spectrum is the TO-phonon like mode
at 480 cm−1. Particularly, there are
no Raman modes at 520 cm−1 and
510 cm−1. Therefore, the sample is in-
deed purely amorphous as indicated
by the ellipsometry results. The mean
deviation from tetrahedral bond an-
gle ∆θ (as discussed in chapter 3.5.3
on p. 22) was calculated following the relation of Beeman, Tsu, and Thorpe [BTT85].
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Figure 5.7.: Raman spectra of the samples deposited in the PLS500 setup from the 80 mΩcm
boron doped target with a power density of 12 W/cm2 (series 7). The labels in the
plot mark the corresponding phonon modes for the first order vibrations. (setup:
Dilor XY 800, laser: Ar+ 488.0 nm, 75 mW)
The results are tabulated in table 5.1. There is a general trend of improved short range
order (resulting in smaller angles for ∆θ) with increasing hydrogen flow rate. A notable
jump from 10° to 7.5° occurs at the point where the hydrogen content saturates.
In contrast to almost every published spectrum found in literature the Raman spectra
presented here are not normalized. Without normalization it is more than obvious
that samples deposited at higher hydrogen flow rates scatter light with an increased
Raman intensity. For increasing hydrogen flow rates up to 40 sccm the resulting layers
possess increasing band gaps and therefore altered resonance conditions (s. figure 5.4
at page 46). The excitation wavelength of 488.0 nm corresponds to an energy of 2.54 eV.
At the photon energy of the laser decreased extinction coefficients are found for layers
deposited at higher hydrogen flow rates. However, an increasing Raman intensity is
observed for a-Si layers deposited at increased hydrogen flow rates. This is in contrast to
the expected intensity decrease because of weaker resonance condition. Furthermore,
layers deposited at increased hydrogen flow rates beyond the point of 40 sccm result in
further increased Raman intensity: the extinction coefficient at the laser photon energy
is constant for all these samples. Since the changes of the extinction coefficient does
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not correspond to the changes in resonance conditions the photon emission (and not
the absorption) is likely to dominate the resonance. An improved probability of photon
emission at energy very close to absorption (rather than internal recombinations or
emission by an electronic transition to interband gap levels) is in correspondence with
the improved short range order found.
5.1.5. Electrical Properties
Figure 5.8.: Specific resistivity of the layer deposited onto non-heated substrate with a duty cycle
of 75 % and a power density of 12 W/cm2 in the PLS500 setup.
In-depth studies of the resistivity of the layers and its temperature dependence were the
topic of E. Breyer’s diploma thesis [Bre11] and details can be found there. In this section
only some of the most important results are summarized. The specific resistivity was
determined with 4-point-probe dark current measurements. It is plotted in figure 5.8. An
increase of the hydrogen flow rate by 1 sccm increases the resistivity by one order of
magnitude. For samples with higher hydrogen flow rates a determination of the specific
resistivity was not possible because the resistivity exceeded the capability of the source-
meter-unit. The lowest resistivity values were reported in the order of 10−2 Ω cm which
corresponds to values commonly achieved by PECVD processes [SSV+04].
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Figure 5.9.: Infrared transmission spectra of the sample as deposited and four days later. (Layer
deposited onto non-heated substrate with a duty cycle of 75 % and a power density
of 12 W/cm2 in the PLS500 setup).
However, the increase of resistivity with increasing hydrogen content as well as tem-
perature dependent resistivity studies suggest that the conduction mechanism is not
dominated by a doping mechanism [Bre11]. Instead nearest neighbor hopping is as-
sumed as conduction mechanism at room temperature. A higher defect concentration
thus improves conductivity. On the other hand, the defect healing and increase of the
mobility gap by hydrogenation of the silicon increases the resistivity.
The successful transfer of boron as dopant with the same concentration as in the target
was verified for each target at least once by secondary ion mass spectrometry (SIMS)
measurements (s. chapter A.2 on p. 99 provided by the IFOS GmbH). The dopant atoms
are thus transferred but the majority of them are electrically inactive. This happens if the
boron atoms are not fourfold coordinated [Str91].
At this point it must be noted that the conductivity of hydrogen containing layers is
not stable over a long time. The resistivity increases by typically one or two orders of
magnitude over a few days for a sample stored at room temperature. The samples
are stabilized by cooling down to −18 ◦C for weeks and likewise an increased storage
temperature of approximately 45 ◦C shortened the degradation time to typically one day.
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Since the degradation only occurred in combination with hydrogenated samples it is
tempting to assume a reformation of Si-H bonds as the cause. Therefore the infrared
transmission of a sample immediately after deposition and four days after the initial
measurement were taken. The comparison of the spectra is presented in 5.9. Between
the measurements the sample was stored in a dark drawer at room temperature. The
specific resistivity was found to increase from (9± 3) · 104 Ω cm to (1.2± 0.4) · 106 Ω cm.
However, no effect at all concerning the silicon-hydrogen vibrational modes in the FTIR
spectrum was observed. Therefore, the addition of hydrogen gas during deposition is
found to influence the entire structure of the a-Si network itself. It is not stable immediately
after deposition and relaxes afterwards. However, the bonds between hydrogen and
silicon are not directly affected.
The degradation of the samples is not yet fully understood. The known aspects are
discussed in-detail in chapter 5.4 of E. Breyer’s diploma thesis [Bre11]: the time constants
for the degradation and the increase of resistivity is depending simultaneously on a
multitude of parameters. Principally stronger degradation is found for samples with
higher doping concentration as well as increased hydrogen content. Furthermore,
samples deposited onto substrates at the electrical potential of the anode were less
affected than samples which were deposited onto substrates at floating potential.
5.2. Influence of Substrate Temperature During
Deposition
In order to study the influence of the substrate temperature heaters were installed at the
backside of the substrate by F. Nobis and M. Seifert. By heating of the substrate and
deposition at elevated temperatures a better near range order of the amorphous silicon
was achieved. This chapter will give an overview about the properties of samples in
regards to a two dimensional parameter field of the hydrogen flow rate and the substrate
temperature.
The focus is put on samples deposited in the S400 chamber with a power density of
2.5 W/cm2 and a duty cycle of 50 %. The substrate potential is shifted by approximately
−50 V from the floating potential. This is an effect of the line frequency filter from the
heater (s. chapter 4.2 at p. 32). (Parts of the results from this section are submitted for
publication in [SNG+].)
53
Dissertation P. Schäfer 5. Investigation of Amorphous Silicon Layers
5.2.1. Hydrogen Content
Figure 5.10.: Hydrogen content in dependence of the hydrogen flow rate and substrate tempera-
ture as determined by FTIR evaluation. Layers deposited with a power density of
2.5 W/cm2 and a duty cycle of 50 % in the S400 setup.
A plot of the dependence of the hydrogen content on the hydrogen flow rate is presented
in figure 5.10. For each temperature the hydrogen content increases up to flow rates of
30 sccm and saturates if the hydrogen flow is further increased. Especially for samples
deposited onto substrates at temperatures of 250 ◦C and 350 ◦C the hydrogen content
seems to become even lower. This tendency is principally found for each temperature.
However, it is more pronounced for higher substrate temperatures and only for the 350 ◦C
samples the decrease of hydrogen content becomes larger than the error bar.
A possible explanation for such a behavior is that the huge excess of hydrogen dur-
ing growth alters the growth mode. The layer relaxes into a final state in which less
dangling bonds are present. Therefore, the total amount of sites where hydrogen may
be incorporated into the amorphous silicon is lower. A similar effect was observed
in a recently published paper by Haberl et al. [HBL+11]. They found that magnetron
sputtered a-Si which is post-annealed to 450 ◦C for 30 min under nitrogen atmosphere
does hardly undergo any structural changes. Ion-implanted a-Si, on the other hand, did
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relax towards a continuous random network. The relaxation process of the a-Si structure
is thus strongly influenced by its growth conditions.
If one compares samples deposited at the same hydrogen flow rate but at different
substrate temperatures one finds that the hydrogen content decreases with increasing
temperature. The following considerations explain this behavior: First of all, the increased
temperature leads to a higher mobility of silicon ad-atoms. Therefore, fewer defects are
formed during the growth of the film and less hydrogen may bond to the film.
Second, the mobility of the hydrogen atoms is improved. One might think that the
improved mobility causes the hydrogen to diffuse out of the a-Si layer at an earlier
stage and hydrogen trap states may remain unoccupied. In principal this is a valid
explanation but only up to the point where the hydrogen content saturates. At that point
one must assume that all available hydrogen sites are occupied. This holds true as long
as the energy of the hydrogen trapping sites is well above the thermal energy. If the
temperature is high enough and thermal energy is sufficiently large to overcome the
hydrogen trapping barrier one needs to consider the thermal equilibrium of occupied
and unoccupied hydrogen trapping sites. Because not all hydrogen trappings sites are
occupied in this case the hydrogen content at higher temperatures is lower.
5.2.2. Microstructure Parameter
Figure 5.11 contains a representation of the microstructure parameter in dependence
of the hydrogen content. The microstructure parameter increases with the hydrogen
content. In this representation it is tempting to assume the very same relation between
microstructure parameter and hydrogen content for most of the samples at all substrate
temperatures. In this case one needs to argue why there are two samples deposited
without substrate heating which possess microstructure parameters below this general
relation. However, the assumption that there is one relation valid for all temperatures is
probably not right.
In chapter 5.3.2 (on p. 66) the relation between microstructure and hydrogen content for
samples deposited to substrate at floating potential is discussed. For these samples it is
more obvious that the relation between hydrogen content and microstructure parameter is
dependent on the substrate temperature during deposition. However, a general tendency
is already present in the data presented here: elevated substrate temperatures result in
larger microstructure parameters at the same hydrogen content.
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Figure 5.11.: Microstructure parameter in dependence of the hydrogen content as determined by
FTIR evaluation. Layers deposited with a power density of 2.5 W/cm2 and a duty
cycle of 50 % in the S400 setup.
In terms of the microstructure parameter which one wants to keep as low as possible
the increased temperature has a negative impact. On the other hand, one has to
consider that the temperature affects more than just the microstructure parameter. First
of all, electrically active dopants within the material are required which requires elevated
substrate temperatures. There is no point in trying to optimize the microstructure
parameter if insufficient carriers are present.
5.2.3. Optical Properties
In figure 5.12 the evaluated Tauc-Lorentz band gap in dependence of the hydrogen
content is presented. For substrate temperatures of 250 ◦C and below the data points
are all aligned along a single line. The Tauc-Lorentz band gap is therefore directly related
to the hydrogen content and independent of the substrate temperature at deposition
time. However, in order to achieve the same hydrogen content for the deposition onto
substrates at elevated temperatures one needs to increase the hydrogen flow rate. This
is possible up to the point at which the hydrogen content saturates. The largest band
gap is therefore found for samples deposited without substrate heating.
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Figure 5.12.: Dependence of the Tauc-Lorentz band gap on the hydrogen content for samples
sputtered onto heated substrates in comparison with depositions onto non-heated
substrates (individual data points). Linear fits of the data points for substrate
temperatures of 350 ◦C and for substrate temperatures of 250 ◦C and below are
included (solid lines). Layers deposited with a power density of 2.5 W/cm2 and a
duty cycle of 50 % in the S400 setup.
The samples deposited at 350 ◦C do not follow the same dependence. Generally, their
a-Si layer possesses a higher band gap than for comparable samples deposited at
lower temperatures. In addition, the band gap is found to be almost constant at ap-
proximately 1.6 eV. The mean square error of an ellipsometric model which included
an intermixed amount of crystalline silicon was found to be as good as for the model
which considered pure a-Si only. This is a good first indication that a transition into
crystalline regimes did not yet occur. Such a transition would have been a reason for the
drastic differences in the band gap behavior. A confirmation of the lack of microcrystals
is provided in the next chapter by Raman analysis. Even if the samples are not yet
microcrystalline the deposition parameters are close to where transitions were observed
(s. chapter 6.1.2 on p. 79).
The parameters for a linear model of the dependence of the Tauc-Lorentz band gap Eg
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on the hydrogen content NH,rel were fitted:
Eg = 0.88 eV + 0.059
eV
at. %
for T ≤ 250◦C
Eg = 1.54 eV + 0.012
eV
at. %
for T > 250◦C
(5.1)
Figure 5.13.: Comparison of Tauc-Lorentz band gap dependence on the hydrogen content of
Pinarbasi et al. (open symbols) with the results from this work (filled symbols)
(edited into figure from ref. [PKA90]).
A comparison with the results found in this work with the early results of Pinarbasi et al.
[PKA90] is presented in figure 5.13. Despite the obvious fact that in both cases a linear
dependence is reported there exist strong deviations from their work: Pinarbasi’s group
reported one single linear relation which matches well for all of their samples. Since this
sample series consists of samples deposited onto heated substrates in a temperature
range of 100 ◦C – 330 ◦C the comparison is made with the behavior found for samples
deposited at lower temperatures.
The results of Pinarbasi et al. [PKA90] do not match with the ones here. The slope
reported by Pinarbasi’s group is significantly shallower than the slope found for the
samples analyzed in this work. The data points for the deposition at 350 ◦C are close
to their results. There are no details provided concerning the duty cycle or the depo-
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sition power, however, they specify an argon partial pressure of 0.1 mTorr – 1.2 mTorr
(=0.013 Pa – 0.16 Pa) which is a half-order of magnitude below the 0.5 Pa for the samples
presented here. The deposition rate and sample target distance are comparable. One
may therefore assume that higher power densities were used in the sputtering process.
However, the differences of the deposition parameters are not the reason for the discrep-
ancy. Pinarbasi’s group published the paper at a time where the determination procedure
of hydrogen content from FTIR measurements was less advanced. Pinarbasi considered
a single integral absorption of the Si-H wagging modes. As introduced in chapter 3.3.3 a
better approach is to split the absorption band into silicon polyhydride and monohydride
vibrations. If this splitting is neglected a change of the microstructure will result in a
flawed determination of the hydrogen content. There is one example among Pinarbasi’s
samples which has a band gap of 1.35 eV. And even this sample is an exceptional
one below the commonly observed relation. The next lowest band gap in Pinarbasi’s
publication is at 1.55 eV and other band gaps are even higher.
Figure 5.14.: Relation between the total integral absorption of the hydrogen-silicon stretching
modes and Tauc-Lorentz band gap. Layers deposited with a power density of
2.5 W/cm2 and a duty cycle of 50 % in the S400 setup.
The Tauc-Lorentz band gaps for the a-Si layer of the samples in this thesis are plotted in
dependence on the integral absorption in figure 5.14. This approach is almost identical
to the one of Pinarbasi et al.. The only difference is a constant scaling factor of the
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x-axis. All of the samples except the one with the lowest band gap can be modeled with
a common linear fit.
The results of Pinarbasi et al. [PKA90] must therefore be restated. The total integral
absorption of silicon hydrogen vibrational modes and not the hydrogen content is found
to be in nearly linear correspondence with the Tauc-Lorentz band gap. This is probably
true for sufficiently large band gaps of above approximately 1.4 eV. Band gaps below
this seem to be even lower than predicted but mostly do not appear in the publication.
In addition, there is a small systematic deviation from this behavior and a-Si layers with
lower band gaps and integral absorptions are always found below the fitted line. Vice
versa, data points for layers with higher band gaps are always found above the predicted
line of the linear model.
Figure 5.15.: Dependence of the Tauc-Lorentz band gap on the integral individual components
of the integral absorption with bilinear fit.
The systematic deviations from the model prediction indicate that there is still some
inconsistency. So it is required to consider the integral absorption without a biased
assumption. The Tauc-Lorentz band gap Eg is therefore considered as a function on
a two dimensional plane of the integral absorption of the monohydride mode I2000 and
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Figure 5.16.: Correlation plot of the bilinearly modeled Tauc-Lorentz band gap and the evalutated
band gap from VASE measurements.
polyhydride mode I2100. A bilinear model is assumed and fitted. The result is plotted
in figure 5.15. Since the data point with the band gap of 0.88 eV could not be fitted
sufficiently well within this bilinear model and it had a notable impact on the fit quality for
the other data points it was excluded from the evaluation.
This is the result of the bilinear model including the statistical errors from the fit:
Eg =(1.54± 0.06) eV
− (2 · 10−7 ± 7 · 10−7) eV/cm−2 · I2000
+ (4.9 · 10−6 ± 5 · 10−7) eV/cm−2 · I2100
(5.2)
The Tauc-Lorentz band gap is nearly independent of the I2000 mode. The prefactor of the
I2100 mode and thus its influence is more than one order of magnitude larger.
The result can be stated in the following form: the Tauc-Lorentz band gap of a material is
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mostly dependent on the concentration of silicon with more than one bond to hydrogen.
Single silicon-hydrogen bonds have no significant impact on the band gap.
The correlation plot (fig. 5.15b) proofs the good quality of the fitted model. There is
the exception of the lowest measured band gap for the deposition onto the non-heated
substrate which was excluded from the fit. Yet, this sample is a special case. If one
compares the microstructure parameter (fig. 5.11, p. 56) with the one of other samples
it is exceptional low and does not follow the general trend. Thus, the concentration of
silicon polyhydride to the total silicon hydride concentration is already exceptional for this
sample. The difference may be related to trapping effects of boron atoms on hydrogen
diffusion during the growth of non-heated samples [MGJS93].
5.2.4. Crystallinity
Figure 5.17.: Raman spectra of the samples deposited onto substrates at 250 ◦C and 350 ◦C
with 20 sccm – 80 sccm hydrogen flow rate with a power density of 2.5 W/cm2 and
a duty cycle of 50 % in the S400 setup. (measurement setup: LabRAM HR, laser:
Ar+ 514.5 nm with 2 µW power)
In the following section it will be shown that there is no transition into the micro/nano-
crystalline regime for samples deposited at elevated temperatures. If any transition
is expected at all then it should occur for samples deposited at the highest substrate
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temperature. In figure 5.17 the Raman spectra of the samples deposited at 250 ◦C –
350 ◦C and hydrogen flow rates of 20 sccm – 80 sccm are presented. As for the samples
deposited at room temperature there is no transition from amorphous to any kind of
crystalline structure: neither a Raman mode at 520 cm−1 nor at 510 cm−1 is present in
the spectrum.
There is no deviation in the position and lineshape of the TO phonon like mode. Its left
hand half width at full maximum is found to be (30± 3) cm−1 which corresponds for all
cases to a mean deviation from the tetrahedral configuration of (7.5± 1.0) °. This value
corresponds to the value found for hydrogen saturated samples at room temperature.
The substrate heating therefore does improve the structure similar to hydrogenation.
However, the combination of both does not further improve the short range order beyond
the point achieved by hydrogenation.
5.2.5. Electrical Properties
Figure 5.18.: Specific resistivity in dependence of hydrogen flow rates and temperature.
A comprehensive discussion of the electrical properties of the samples is part of the
diploma thesis of M. Seifert [Sei12]. This chapter will summarize the important results.
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In figure 5.18 the dependence of the specific resistivity on hydrogen flow rate and temper-
ature is plotted. An increase of the specific resistivity was found for samples deposited
without substrate heating and for samples deposited onto substrates at 150 ◦C. The
temperature dependence was estimated for one sample of each temperature deposited
at 60 sccm hydrogen flow rate. The substrate heating to 150 ◦C resulted in an increased
resistivity. Deposition onto substrates at higher temperatures decreased the resistivity
again. This behavior was attributed to two simultaneously changing influences on the
resistivity. Both effects are related to the improved structure which is obtained by the
deposition onto heated substrates [CAK+09, Sav84]:
For samples deposited on non-heated substrates nearest neighbor hopping mechanism
was found responsible for the electrical transport (s. ref. [Bre11] and chapter 5.1.5).
Higher concentration of defects can have a positive impact on the conduction in this case
and the growth at elevated temperature reduces the defect concentration.
On the other hand, the improved near range order may render the boron doping electri-
cally active. Therefore excess carriers become available and the conductivity increases.
The decrease of the resistivity for samples deposited onto substrates at temperatures
above 150 ◦C can therefore be seen as an indication that carriers from doping contribute
to the conductance. F. Nobis found the proof for this assumption by the analysis of
electrical properties of heterostructure diodes (s. chapter 6.1).
5.3. Influence of Substrate Bias
As mentioned in chapter 4.2 the potential of the substrate was shifted by the line
frequency filter towards 50 V below the floating potential. A measurement of the substrate
bias of the floating substrate bias and the capacitively coupled one is shown in figure
5.19. This chapter is attributed to the comparison of samples deposited with floating
potential and the shifted potential presented so far.
5.3.1. Hydrogen Content
The dependence of the hydrogen content of the substrate temperature and hydrogen flow
rate is presented in figure 5.20. One may assume that the increased ion bombardment
could introduce defects in the amorphous silicon network which are than healed by the
incorporation of sufficient amounts of hydrogen. If this was true one would need to find
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Figure 5.19.: Influence of the line frequency filter on the heater on the substrate bias (Measure-
ment: M. Seifert).
Figure 5.20.: Hydrogen content in dependence of the substrate temperature and hydrogen flow
rate with substrate at floating potential. Layers deposited with a power density of
2.5 W/cm2 and a duty cycle of 50 % in the S400 setup.
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a generally increased hydrogen content or at least an increased hydrogen content for
the a-Si layer of samples within the saturation regime. However, there is no significant
difference for the samples prepared at different bias conditions. Both lineshape of the
hydrogen content plot as well as the absolute values are in excellent agreement with the
results from chapter 5.1.1 on p. 42.
5.3.2. Microstructure Parameter
Figure 5.21.: Microstructure parameter in dependence of hydrogen content and the substrate
temperature at deposition. Filled symbols represent substrate at floating potential,
open symbols represent the corresponding measurements for the shifted substrate
bias due to the heater. Layers deposited with a power density of 2.5 W/cm2 and a
duty cycle of 50 % in the S400 setup.
The microstructure parameter in dependence of the substrate temperature and hydrogen
flow rate is shown in figure 5.21. Unlike the total hydrogen content the microstructure
parameter is different for samples deposited at floating substrate bias. Samples which
are not saturated with hydrogen possess lower microstructure parameters than the
samples which were deposited with the negative bias.
This change is rather subtle for the samples deposited at 350 ◦C substrate temperature
as the total microstructure parameter is low in this case and the difference is just at
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the limits of the given error bars. For samples deposited onto unheated substrate the
decreased microstructure parameter is easily observed.
The samples deposited with shifted substrate potential are almost aligned to a single line.
For the samples deposited at floating potential it is obvious that the temperature has an
influence on the relation between hydrogen content and microstructure parameter. For
lower temperatures the curves in figure 5.21 are shifted to the right hand side. Thus, the
microstructure parameter is lower for comparable hydrogen content than for samples
deposited at higher temperatures.
These results correspond well with electrical characterizations of heterostructure diodes
(s. chapter 6.1 at p. 73): the best diodes were found to be diodes deposited at 150 ◦C
substrate temperature and 10 sccm hydrogen flow rates. For temperatures below the
doping level activation is the limiting factor. The increased microstructure is a possible
cause for the decrease of diode quality deposited onto substrates with further increased
temperature.
5.3.3. Optical Properties
Figure 5.22.: Comparison of the Tauc-Lorentz band gap dependence on the hydrogen content for
samples deposited onto substrates at floating potential (filled) and shifted potential
by −50 V (open). Layers deposited with a power density of 2.5 W/cm2 and a duty
cycle of 50 % in the S400 setup.
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In figure 5.22 the Tauc-Lorentz band gap in dependence on the hydrogen content of the
samples for both substrate bias conditions is plotted. An agreement of the data points for
depositions with floating substrates with the previously determined points for the shifted
potential is found. Again, the dependence of Tauc-Lorentz band gap and hydrogen
content cannot be merged into a single linear model. One can split the samples into
two groups. One which was deposited at substrate temperatures of more than 250 ◦C
and one which were deposited at 250 ◦C and below. The two dependencies between
Tauc-Lorentz band gap and hydrogen content which are presented in equation (5.1) also
hold for the samples deposited at floating substrate potential.
An important aspect is if the bilinear model which was derived in section 5.2.3 (p. 56)
is valid for the samples deposited onto substrate with floating potential. Therefore, the
correlation plot between the bilinear model and the Tauc-Lorentz band gap as determined
via spectroscopic ellipsometry is presented in figure 5.23. Again an excellent agreement
is found. Though the microstructure parameter dependence is different for these samples
the bilinear dependence of equation (5.2) holds. This confirms that the Tauc-Lorentz
Figure 5.23.: Correlation of the Tauc-Lorentz band gap as determined from ellipsometry and from
the bilinear model. Filled symbols represent samples deposited onto substrates
at floating potential and open represent samples at the shifted potential of −50 V.
Layers deposited with a power density of 2.5 W/cm2 and a duty cycle of 50 % in
the S400 setup.
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band gap is mostly independent of the concentration of monohydride silicon atoms but
depends linearly on the concentration of silicon polyhydride complexes.
5.3.4. Electrical Properties
Figure 5.24.: Comparison of the resistivity for samples deposited onto substrates at floating
potential (filled symbols) and shifted potential by −50 V (open symbols).
The influence of the substrate bias on the electrical properties of the film is discussed
in detail in M. Seifert’s diploma thesis [Sei12]. This section summarizes the results. In
figure 5.24 the resistivities over the hydrogen flow rates for samples deposited at different
temperatures and substrate potentials is given.
There is no significant impact on the resistivities by the either floating or negatively shifted
substrate potential. For both series the maximum point of resistivities is found for samples
deposited at 150 ◦C substrate temperature. As already discussed in section 5.2.5 one can
attribute this behavior to a reduction of defects and the following decrease of resistivities
to the beginning of boron doping activation.
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5.4. Homogeneity
Layer Thicknessnm




c-Si substrate 1 mm
Figure 5.25.: Evaluated thickness from the VASE mapping for a sample deposited with reference
parameters. Each black dot represents a measurement point.
A look on the homogeneity of the deposition process is presented in the following
section. A 3′′-wafer with a sample deposited onto a substrate heated to 150 ◦C at
10 sccm hydrogen flow rate was prepared, measured with spectroscopic ellipsometry,
and modeled. The thickness of the a-Si:H as well as the individual layer thicknesses are
presented in figure 5.25. The evaluated thicknesses cover a range of (224.1± 0.5) nm –
(245.8± 0.5) nm. The layer thickness on left and right hand side of the sample is found
to be 9 % lower than the layer thickness in the center of the sample. The thickness at the
top is 3.0 nm (1.2 %) lower than the thickness of the central point.
At deposition time the sample was aligned centrally in front of the target. One race tracks
of the sputter target was perpendicular to the direction of the major flat at the side of
the sample. The thickness profile therefore possesses the expected shape with good
homogeneity parallel to the racetracks. An average deviation of 5.7 nmcm perpendicular to
the race tracks is found.
There is no contribution found of the position onto the Tauc-Lorentz band gap. The fitted
value are all within a range of 1.74 eV – 1.76 eV which is an order of magnitude lower
than the specified error bar of 10 %.
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5.5. Summary
In this chapter the various deposition conditions and their influence on the physical
properties of the samples are examined. Particularly, the influence of hydrogen addition
to the argon sputter gas and the effect of the hydrogenation of the a-Si layers is discussed.
The hydrogen content is derived from the absorption of silicon-hydrogen stretching
vibrational modes which are measured by FTIR. A saturation of the hydrogen content
occurs at 30 sccm hydrogen flow rate (in comparison to a constant 50 sccm argon flow
rate). Further addition of hydrogen does not lead to the incorporation of more hydrogen
and even has a slightly opposite effect. This is attributed to a change of the growth
into a structure with less defects and therefore less hydrogen bonding sites. A general
decrease of hydrogen content for elevated temperatures is found which is attributed to
films with less defects. Furthermore, the occupation ratio of hydrogen bonding sites is
lower at higher temperatures. There is no influence found if the substrate is floating or
shifted by −50 V in the S400 setup.
The microstructure parameter was found to be generally more sensitive to the sample
preparations: increased boron doping concentration has a notable negative impact on
the microstructure parameter. This is attributed in accordance with ref. [MGJS93] to
the decreased hydrogen mobility within boron doped samples. There is a monotonic
increasing dependence of the microstructure parameter on the hydrogen content. This is
equivalent to a more than linear increase of the polyhydride silicon concentration until
the hydrogen content and the microstructure parameter saturate, i.e. the hydrogen flow
rate exceeds 30 sccm. The dependence is found to change with temperature. Higher
temperatures lead to increased microstructure parameters at the same hydrogen content.
For the negatively shifted substrate bias which was induced by capacitive coupling
in the heater the microstructure parameter is generally higher. The reduction of ion
bombardment for floating substrate potential therefore has a positive influence and
decreases the microstructure parameter.
Generally the microstructure parameter is higher than 0.1 which is stated to be the
maximum value for for good absorber layers [SZ98]. Yet, the deposited layers are meant
to be candidates for doped contact layers rather than absorber. Therefore, the electrical
activation of boron as dopant has priority above an optimization of the microstructure
parameter.
From the microstructure parameter one can furthermore derive that the tetrahedron
model [FiMRiCC04] is not applicable for spectroscopic ellipsometry evaluations. This
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model would require lower relative amounts of polyhydride silicon in comparison with
monohydride silicon such that the distribution may be assumed to be generated by
uniform random distribution of hydrogen within the layer.
The optical properties of the films were investigated by modeling VASE spectra with a
multilayer model. Therein, the optical constants of the a-Si layer are represented by a
Tauc-Lorentz model. Special emphasis is put on the influences of the deposition on the
Tauc-Lorentz band gap. There is a general consent in literature that it should have a
linear dependence [PKA90] with the hydrogen content. Weaknesses of this model were
revealed and an improved model is proposed:
Based on the observation that samples deposited onto substrates with temperatures
above 250 ◦C cannot be described by the same relation found for samples deposited at
250 ◦C and below another model was developed. A bilinear dependence of the Tauc-
Lorentz band gap on the individual integral absorptions of monohydride and polyhydride
Si-H stretching is proposed. With the coefficients presented in equation (5.2) a good
agreement for the samples in this work is achieved. The set of coefficients suggest that
the Tauc-Lorentz band gap is largely dominated by the concentration of polyhydride
complexes. The coefficient for the scaling with the integral absorption of monohydride
complexes is one order of magnitudes lower and merely contributes as a small correction.
For a selected sample deposited at 150 ◦C and 10 sccm in the S400 deposition chamber
a mapping with the M-2000® VASE spectrometer was recorded (which will be the
parameters where the best working diodes are found in the following chapter). The
evaluation revealed that the Tauc-Lorentz band gap is position independent. The a-Si
layer thickness was found to change with an average slope of 5.7 nmcm from the center to
the sides which were closest to the race tracks at deposition time.
Raman spectra were measured for selected samples. Spectra for the samples deposited
at elevated temperatures of 250 ◦C and 350 ◦C confirm that the deposited layers are still
amorphous. No transition into a crystalline regime was found.
Resistivity dependences are an important topic which was already covered in detail
in form of M. Seifert’s and E. Breyer’s diploma theses [Sei12, Bre11]. Defect related
hopping transport was found to be the dominant mechanism at room temperature. After
an increase of the substrate temperature the resistivity was found to increase further for
samples deposited at 150 ◦C. This is attributed to defect reduction which hinders the
hopping conductivity. Samples deposited onto substrates at higher temperatures start to
become lower ohmic than the samples deposited onto substrates at 150 ◦C. This effect
was assumed to be related to electrical activation of the boron dopant atoms.
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6. Investigation of Heterostructure
Diodes
In the previous chapter various properties which influence the amorphous
silicon layer growth were presented. The discussion was focussed on the
layer properties. In contrast to this, this chapter presents the study of a-Si:H
layers which were directly deposited onto c-Si substrates. Intentionally, n-doped
substrates were used in order to create heterostructure diode interfaces.
The studies include defect characterizations with QTS for these interfaces.
In the latter part of this chapter proposals are made on how to improve the
performance of the setup used in this work.
6.1. Diode Characteristics
This chapter will summarize the results of current-voltage characterization of the het-
erostructure diodes. The preparation of the samples as well as the IV measurements
were performed by F. Nobis. The outcome of these experiments are included here (as
agreed by F. Nobis) for two reasons. First of all, the IV characteristics as well as their
interpretation are vitally important in order to judge the quality of the structures in regards
to photovoltaic applications. In addition, the results are the base for QTS studies. This
includes the question whether a space charge region is formed as well as if the influence
of deposition parameters on the diode performance is mirrored by the defect studies and
the choice of the reference sample.
The diodes were prepared according to the procedure described in chapter 4.2.1 (p. 33).
An example of a successful creation of a heterostructure diode is presented in figure 6.1.
The forward current is orders of magnitude larger than the reverse current. More
specifically the rectification ratio (determined at ±0.4 V) is 11000. It was already reported
that layer resistivities increase over time if stored at room temperature. Similar effects
are found within the diode IV characteristics. An additional plot of an IV measurement
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Figure 6.1.: IV measurements of a heterodiode deposited onto a substrate at 150 ◦C at a hydro-
gen flow rate of 10 sccm with a power density of 2.5 W/cm2 and a duty cycle of 50 %
in the S400 setup.
performed six days after the initial measurement is included in figure 6.1. In the meantime
the sample was stored in the dark at room temperature. The rectification ratio dropped
down to 5000.
The forward current characteristic can be split into two regions. Between 0 V and
0.5 V the current increases exponentially. At higher forward voltages the current slowly
approaches to a saturation behavior. The exponential increase of the first regime is in
good correspondence with common junction rectification models [SKC+10].
The saturation is attributed to the c-Si contact pad interface. If one measures between
the two contact pads on the substrate a symmetric rectified characteristic is obviously
obtained. Figure 6.2 contains a plot of IV measurement between the two substrate contact
pads for a sample series with a-Si layers deposited at 150 ◦C and varying hydrogen
flow rate. For all cases the current density is limited to around 3 · 10−3 Acm−2. The
symmetry of this measurement implies that each interface is crossed in both directions.
The observed current therefore corresponds to the reverse current of a rectified c-Si/NiCr
interface. For this geometry the a-Si:H is not contributing to the conductance. The
spread of the curves is therefore solely attributed to variations of the NiCr/c-Si interface
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Figure 6.2.: IV measurements between the two contact pads of the substrate. Layers deposited
with a power density of 2.5 W/cm2 and a duty cycle of 50 % in the S400 setup with a
substrate temperature 150 ◦C.
formation.
The forward direction of the a-Si/c-Si interface is opposite to the c-Si/NiCr interface. This
is important for the following QTS measurements presented in this chapter: if a reverse
bias is applied to the a-Si-c-Si interface so that a space charge region is created there is
no space charge region at the c-Si-NiCr interface. Therefore, one probes defects only in
the a-Si-c-Si interface region.
6.1.1. Influence of Deposition Parameters
The influence of the deposition parameters on the layer properties are presented in the
last chapter 5 (p. 42). In this chapter only deviations from the results presented so far
as well as the influence on the electrical properties of the junction will be discussed. As
pointed out already the sample preparation and IV measurement were performed by
F. Nobis.
In figure 6.3 the IV measurement curves for samples with a-Si layers deposited at
150 ◦C for a variety of hydrogen flow rates are presented. The reverse current is steadily
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Figure 6.3.: Semilogarithmic plot of the absolute current density over the voltage of the heterodi-
ode for samples with a-Si layers deposited onto substrates at 150 ◦C in the S400
chamber (power density: 2.5 W/cm2, duty cycle: 50 %). The hydrogen flow rates for
the depositions are included in the legend. Filled symbols represent the first contact
pair, open symbols the second.
decreasing with increasing hydrogen flow rates. The forward current is mostly unaffected
for hydrogen flow rates up to 10 sccm. At 20 sccm hydrogen flow rate the resulting
forward bias in the junction rectification regime drops by an order of magnitude. At
60 sccm the forward current is further decreased by an additional order of magnitude.
This hydrogen flow rate if found for sample with a-Si layers within the hydrogen saturation
regime .
A hydrogen flow rate of 10 sccm was chosen as the best candidate for further studies.
For layers deposited at this flow rate the best rectification ratio is found while the forward
current has not yet decreased.
Similar effects can be seen if the hydrogen flow rate is kept constant at 10 sccm and the
substrate temperature is varied (s. figure 6.4). The effect of the temperature is not as
pronounced as the influence of the hydrogen flow rate. Yet, the following tendencies can
be observed: without further heating of the substrate, the forward current and reverse
are below the currents for a-Si layers deposited onto moderately heated substrates at
temperatures of 150 ◦C and 250 ◦C. For these temperatures there is a huge scattering
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Figure 6.4.: Semilogarithmic plot of the absolute current density over the voltage of the heterodi-
odes for samples with a-Si layers deposited onto substrates at various temperatures
in the S400 chamber. The hydrogen flow rate is kept constant at 10 sccm. The
power density was 2.5 W/cm2 and the duty cycle was 50 %. Filled symbols represent
the first contact pair, open symbols the second. These samples were prepared with
4 contact pads (s. chapter 4.2.2, p. 34).
of the IV curves. The reverse current improves towards lower values for deposition
temperatures of 350 ◦C. At 450 ◦C both forward and backward currents are slightly higher
again but below the levels found for samples with a-Si layers deposited at 250 ◦C and
350 ◦C.
Among these samples the one with layers deposited onto a substrate at 150 ◦C is selected
as reference for further studies as they possess at least the second highest or highest
forward current over the whole measured regime. The rectification for the samples with
layers deposited onto substrates at 350 ◦C may be better, however, Raman studies which
will presented next indicate that these sample start to crystallize and the focus of this
study is set on amorphous silicon. For the same reason they are preferred over samples
with layers deposited onto substrates at 450 ◦C.
Still the IV curves scatter a lot and there are already drastic differences between the
two sets of contact pads. Before one further tries to optimize the discussed set of
deposition parameters it is necessary to improve the reproducibility of the IV curves.
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Figure 6.5.: Different pairs of contact pads for three diodes deposited simultaneously onto
substrates at 150 ◦C with 10 sccm hydrogen flow rate after improved substrate
preparation steps (power density: 4.4 W/cm2, duty cycle: 50 %).
This was achieved by the substrate cleaning step with piranha solution (s. chapter 4.2 at
p. 32). Furthermore, the newer series of samples were prepared the PLS570 setup so
that the target could be exchanged with an intrinsic target for comparison. Figure 6.5
demonstrates the reproducibility of the samples. Five out of six curves are found to be in
good agreement.
Within this better reproducibility it is possible to improve the vague description of the
influence of the hydrogen flow rate and the substrate temperature on the sample IV
characteristic. Figure 6.6 contains a study of the IV curves with a parameter field close
to the expected optimum at 150 ◦C substrate temperature and 10 sccm hydrogen flow
rate. This parameters will be called reference parameters from now on. The reverse
currents of the samples with the a-Si layers deposited at 4 sccm are more than two
orders of magnitudes above the sample with reference parameters. Rectification ratios
for these samples are below 120. This behavior can be attributed to fewer boron atoms
acting as dopants and defect related hopping as the dominant electrical conduction
mechanism. Likewise a negative impact on the forward current is generally found for
samples prepared with substrates at 100 ◦C.
The remaining layers deposited onto substrates at 150 ◦C and 200 ◦C with hydrogen
flow rates of 10 sccm and 14 sccm yield rectification ratios of around 10000 and no
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Figure 6.6.: Samples deposited with improved substrate preparation conditions. The substrate
temperature is varied within 100 ◦C, 150 ◦C, and 200 ◦C and the hydrogen flow rate
within 4 sccm, 10 sccm, and 14 sccm (power density: 4.4 W/cm2, duty cycle: 50 %,
setup: PLS570).
negative impact on the forward current is observed for them. Within this group the
differences are small. Yet, the sample deposited onto substrates at 200 ◦C with a
hydrogen flow rate of 14 sccm is the one with the lowest reverse current density of
(1.18± 0.05) · 10−8 Acm−2 at −1 V and the best rectification ratio of 11000. Comparable
IV curves for pn-heterojunctions of samples prepared by glow discharge were achieved
by Mimura et al. [MH92]
6.1.2. Influence of the Substrate Structure
It is well known that the substrate onto which silicon is deposited can have a significant
impact on the structure of the growing film [CFF+03]. Thus, it is likely that structural
changes are induced by the c-Si substrate. The layers discussed in the previous section
were all deposited onto disordered substrates (either glass or native silicon oxide). And
indeed as presented in figure 6.7 the onset of crystallization is found for two layers
deposited onto substrates at 350 ◦C. The Raman spectrum for these two layers (which
were deposited with hydrogen flow rates of 4 sccm and 10 sccm) possess a shoulder at
520 cm−1 which is attributed to the optical phonon modes of silicon crystallites. There
is no such shoulder present for the samples deposited with 60 sccm. Here, the lowest
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Figure 6.7.: Raman spectra in the range of 200 cm−1 – 800 cm−1 of a-Si:H deposited onto hydro-
gen passivated silicon within the S400 chamber. The substrate temperature is kept
at either 200 ◦C or 350 ◦C. The hydrogen flow rate is varied within 4 sccm, 10 sccm,
and 60 sccm. The duty cycle is 50 % and the power density 2.5 W/cm2. (laser:
HeCd, 325.0 nm (9 mW), setup: LabRAM HR, integration time: 45 s - 20 times)
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available laser wavelength of 325.0 nm was used for the Raman measurements to limit
the penetration depth to a minimum and avoid substrate signals.
The feature at 320 cm−1 does not stem from the amorphous silicon substrate but is
a Raman mode of the lens from the microscope objective. In order to proof this the
objective was dismounted from the microscope and put as a sample under another
objective. Raman measurement with the 514.5 nm line of the Ar+-laser were performed
and the appearance at the same Raman shift of 320 cm−1 in this spectrum confirms that
this mode is indeed a Raman feature of the objective.
Increased hydrogen flow rates obviously have a negative impact onto the crystallization.
Despite the general effect that hydrogen improves the short range order and therefore
should improve the crystallization [YKF+94, NSO97], it hinders crystallization in this case.
This can, however, be explained if one considers columnar growth as it was proposed by
Thornton [Tho77]. Silicon atoms in the hard ball model shadows a neighboring region
of twice their radius. At areas where material was already deposited higher net flux
rates than their immediate surrounding. Denser packed columns start to grow leaving
lower density material between those columns. Layers deposited at lower hydrogen flow
rates possess a lower silicon adatom mobility. This increases the effect of the separation
into columns. Nucleation supported by the periodic structure of the crystalline surface
[Lee11] becomes more likely.
6.1.3. Influence of Layer Doping
Figure 6.8 displays IV curves of samples sputtered from intrinsic and boron doped targets
onto c-Si (deposited and measured by F. Nobis). The reverse currents in case of the
samples with boron doped layers are at least one order of magnitude below the reverse
currents of the sample with the intrinsic layer.
Up to this point one could have argued that the conduction mechanism is still defect
based hopping and the decrease of resistivity for boron containing a-Si layers is attributed
to an increased defect concentration which assists the hopping conduction process. At
this point there is now a clear indication that the boron acts as a dopant and increases
the width of the space charge region for the heterostructure diode.
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Figure 6.8.: IV curves for layers of intrinsic silicon and boron doped silicon which were deposited
onto c-Si substrates at 150 ◦C and a hydrogen flow rate of 10 sccm.
6.2. Defect Level Investigations
In the previous chapter it was shown that boron atoms in the sputtered layers act as a
dopant and render the layer electrically active. The a-Si/c-Si-heterostructure interfaces
behave as diodes. Therefore a space charge region forms around the heterodiode
interface which spatially increases if a reverse bias is applied. QTS measurements which
probe defect states in the vicinity of this interface were performed and the results will be
discussed in the following chapter.
As presented in chapter 6.1 the electrical properties of the interface are not stable at
room temperature. The first studies QTS studies were carried out starting from slightly
elevated temperatures of 350 K. In order to avoid ongoing changes of the electrical
properties the samples were left at room temperature for at least a week so that the
samples are measured at their relaxed state.
Tests with the first heterostructure samples revealed that the reverse bias for QTS
measurements must not exceed −5 mV. At further increased reverse voltages the
reverse current could not be compensated and the maximum charges which could be
accumulated by the integration circuit are reached before the signal itself is recorded.
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The samples were therefore measured with a bias of −5 mV and a pulse of 6 mV which
was applied for 10 ms.
6.2.1. Evaluation
In this section the complete evaluation procedure will be demonstrated for a layer
deposited onto c-Si substrate at 150 ◦C with a 10 sccm hydrogen flow rate (reference
parameters). Starting with 5 ms which corresponds to 20 ms for the 4t component of
the correlation filter a significant amount of noise on the dQ signal starts to appear.
The 20 ms correspond to the time constant of the line frequency of 50 Hz. Efforts were
made to further shield the cables and rearrange the wiring, however, the coupling to
the line frequency could not be resolved. Since the data measurements are not taken
at equidistant time intervals it is not possible either to eliminate the 50 Hz component
directly by Fourier analysis.
Figure 6.9.: Effect of the Fourier filter onto the QTS signal dQ at 200 K for a sample with an a-Si
layer deposited onto c-Si substrate at 150 ◦C with a 10 sccm hydrogen flow rate.
However, the QTS features are broad compared to each individual measurement interval.
Therefore a Fourier filter in the data point index domain may be applied without significant
impact on the signal itself. A parabolic 10 point Fourier filter which is implemented in
Origin 8.5 was applied on the data. The filtered data is used for plotting purposes only.
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For further evaluations the directly measured data was used. In figure 6.9 the effect of
the filter is demonstrated.
Figure 6.10.: Contour plot of the time and temperature dependence of the FFT filtered QTS
signal dQ/pC at 200 K for a sample with an a-Si layer deposited onto c-Si substrate
at 150 ◦C with a 10 sccm hydrogen flow rate with a power density of 2.5 mW/cm2
and a duty cycle of 50 % in the S400 setup.
Figure 6.10 contains the temperature scan for this sample. There is one QTS feature
within this plot that can be evaluated. This feature corresponds to the dip which shifts to
larger time constants and at the same time becomes shallower. At the same time there
are two measurement artifacts present. Both are attributed to the nonlinear response of
the OpAmp responsible for the integration. The first artifact is an additional feature which
is observed at time constants arround 1 · 10−5 s at lower temperatures. The second
artifact is the stagnation of QTS feature at temperatures above 250 K. Therefore, the
practical lowest limit for the time constant of a charge transient which can be observed is
8 · 10−5 s. Exponentially decaying charge transients with slightly shorter time constant
are artificially shifted towards this value.
As the next step the minimum and width of the QTS feature is determined for each tem-
perature. The QTS filter function is known to have a constant FWHM for a monoenergetic
trap state (s. chapter 3.6.2 at p. 28). For this sample the trap stems from such a single
energetic trap state. The time constants at each temperature are then transferred into an
84
Dissertation P. Schäfer 6. Investigation of Heterostructure Diodes
Figure 6.11.: Arrhenius plot of the time constants from the QTS evaluation for the selected
sample.
Arrhenius plot (s. figure 6.11). The general form of the Arrhenius plot which was found
consisted of two regions. At small time constants and high temperatures the limitations of
the of the measurement speed of the electronic apply. This corresponds to the left hand
side region of the plot over the inverse temperature. From the linear fit of the Arrhenius
plot the energy of the trap level is deduced.
6.2.2. Influence of Hydrogen Flow Rate and Deposition
Temperature
Table 6.1.: Evaluated energy level from QTS measurements for silicon heterodiodes deposited












150 10 3400± 700 290± 60 (2.0± 0.4) · 109
250 10 1400± 300 120± 30 (1.3± 0.3) · 109
350 10 2600± 600 220± 50 (5.0± 1.0) · 109
150 4 4200± 900 360± 80 (1.8± 0.4) · 109
150 60 3000± 600 260± 60 (1.3± 0.3) · 109
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In table 6.1 the trap energy levels found for diode heterostructure samples which were
prepared without the additional piranha cleaning step are presented. For all these
samples the FWHM of the filter was corresponding to a monoenergetic trap state.
A minimal trap level energy was found for the sample deposited onto substrates at a
temperature of 250 ◦C. Both the samples deposited onto substrates at 150 ◦C and 350 ◦C
had a larger energy for the trap level.
Table 6.2.: Evaluated energy level from QTS measurements for silicon heterodiodes deposited
in the PLS570 chamber. The substrates were treated with the additional piranha











100 10 4200± 800 360± 70 (4.0± 0.8) · 1010
150 10 5000± 1000 430± 90 (5.3± 1.1) · 1010
200 10 4600± 900 400± 80 (2.0± 0.4) · 1011
150 4 5100± 1000 440± 90 (2.4± 0.5) · 1011
150 14 5000± 1000 430± 90 (5.9± 1.2) · 1011
150∗ 10 4100± 900 350± 70 (7.2± 1.5) · 1010
In order to see if the piranha cleaning step of the substrates has an influence on the QTS
spectra two samples with reference parameters were deposited. One with the additional
substrate cleaning step and one without. The evaluated QTS results of the two samples
are listed together with the measurement series for samples with a-Si layers deposited
on substrates prepared that were cleaned by piranha in table 6.2.
The additional cleaning step of the substrates lead to a significant increase of the defect
level energy of 120 meV. There are small fluctuations among the evaluated energies,
however, the differences of the trap levels in dependence on the temperature and
hydrogen flow rate are approximately half as big as the evaluation error. Like for the first
series the width of the peak function indicates that the trap level is monoenergetic.
QTS measurements reveal defect states with trapping energies in the range of 120 meV –
440 meV. The defect levels do not correspond to the mid-gap defect states as the band
gaps are above 1 eV for all of the investigated samples. Furthermore, the defect levels
were found to be as sensitive to the interface preparation by an additional cleaning step
as they are sensitive to the deposition parameters.
Lányi and Nádaz˘dy published a study of defect level in microcrystalline silicon with
a scanning probe version of a QTS setup [LN07]. They found two defect states in
there sample which they attributed to the crystalline/amorphous grain boundaries. Their
energies are reported to be 0.3 eV and 0.5 eV. Furthermore, at some regions they further
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found a peak at 0.4 eV which corresponded to a crystallite center. A defect state at
0.52 eV below the conduction band for crystalline silicon treated with hydrofluoric acid
was reported by Monakhov and Svensson [MS05].
Since the defect states of microcrystalline silicon were reported to be in the same
energetic range it is likely that the interface of crystalline and amorphous silicon is the
cause for the trap states reported here. The report by Monakhov and Svensson [MS05]
clearly indicates that the hydrofluoric etching could have an impact on the trap levels.
This may explain the energy shift of the trap levels observed for the differently prepared
surfaces in this work.
6.2.3. Influence of Doping
Figure 6.12.: Comparison of Arrhenius plot of a sample with an intrinsic and a boron doped
layer deposited in the PLS570 setup onto c-Si substrate at 150 ◦C with 10 sccm
hydrogen flow rate with a power density of 2.5 mW/cm2 and a duty cycle of 50 % in
the S400 setup..
In figure 6.12 there is the Arrhenius plot for a boron doped layer and an intrinsic layer
which were both deposited with reference parameters onto substrates. The substrates
were not treated with the piranha cleaning step. An energetic difference of 40 meV
is found between the doped and the sample with the intrinsic layer. However, within
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the given experimental error of at least 70 meV it is not possible to distinguish if this
difference is solely caused by the determination error of the value.
Table 6.3.: Evaluated energy level from QTS measurements for silicon heterodiodes deposited
in the PLS570 chamber of an intrinsic target. The substrates were treated with the
additional piranha cleaning step (except for the sample marked by ∗). The spectrum












100 4 4800± 1000 410± 90 (5.8± 1.2) · 1011
100 10 5000± 1000 470± 100 (2.3± 0.5) · 1014
100 20 6500± 1300 560± 120 (1.4± 0.3) · 1014
150∗∗ 4 150
150 10 3900± 800 330± 70 (9.7± 2.0) · 109
200 4 6100± 1300 530± 110 (1.3± 0.3) · 1013
200 10 5300± 1100 460± 100 (6.5± 1.3) · 1011
200 20 4300± 900 380± 80 (1.6± 0.4) · 1011
150∗ 10 4500± 900 390± 80 (2.6± 0.6) · 1011
A series of samples prepared with the piranha cleaning step was analyzed. The trap level
energies in dependence of substrate temperature at deposition time and the hydrogen
flow rate are provided in table 6.3. The trap energies generally increase with increasing
hydrogen flow rate. The energetic range matches the interface defects discussed in the
last section.
There is one sample among the ones with intrinsic a-Si layer which is different. It is
deposited onto substrates at 150 ◦C with 4 sccm hydrogen flow rate. The spectra for
this sample consist of three components. However, the time constant and intensity of
each component changes individually and it is not possible to decompose the combined
broad shape unambiguously. As the Arrhenius plot is sensitive to the differences the
uncertainty of the feature position has the dominating influence and energy levels for the
individual compounds could not be determined.
6.2.4. Filter Non-Idealities
The error bars of the results of the QTS evaluation are mostly influenced by the error
bars for determination of the time constants. This section presents the approach that was
made in order to improve the reliability of the results. Therefore, possible non-idealities of
the QTS filter function dQ were investigated and the results of this study are assembled
into an evaluation procedure for the samples.
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Figure 6.13.: QTS spectra measured for an intrinsic layer deposited onto a substrate at 150 ◦C
with 4 sccm hydrogen flow rate with a power density of 2.5 mW/cm2 and a duty
cycle of 50 % in the S400 setup.
In chapter 3.6.2 on p. 28 the filter function dQ was introduced. Its implementation in
form of analogue electronics is presented in chapter 4.7. Non-idealities of the electronic
elements cause modifications to the filter output. There are two types of elements from
which the non-idealities will be discussed among their impact on the measured filter
value.
First of all there are the resistor combinations which apply the scaling to the output of
the S/Hs. Second there are the S/Hs themselves. The measurement signal is a voltage
which is assumed to follow equation 3.45. However if the resistors which produce the
scaling are incorrect one gets the more general form as the filter output with the scalers
S1, S2, and S3.
dQ(t) = S1 ·Q(t)− S2Q(2t) + S3Q(4t) (6.1)
However, this equation is not able to produce a constant offset of the signal base level
before and after a dQ mode. Yet a small offset is found in the measured data. The offset
can be explained by the consideration of non-idealities of the S/Hs themselves. The S/H
are Analog Devices AD 783 and their datasheet specifications include a possible offset
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of the output voltage from the input voltage (which may change over time). The so called
hold mode offset voltage is specified to be below 0.2 % of the total applicable range from
−2.5 V up to 2.5 V for each S/H. If one considers the oi for each S/H one gets:
dQ(t) = S1(o1 +Q(t))− S2(o2 +Q(2t)) + S3(o3 +Q(4t)) (6.2)
Figure 6.14.: QTS measurement of an RC device with a resistivity of 1.0 MΩ and a capacitance
of 550 pF.
In contrast to the previous equation this equation is nonlinear. It is capable to reproduce
the shape of the filter function. This is shown for an RC device in figure 6.14. The
exponential decaying charge transient of a charged RC device is a good way to simulate
a defect level at a specific temperature with known time constant for QTS evaluation.
For the measurement itself it does not matter which effect generates the exponential
decaying charge transient. The time constant is:
τ = R · C = 1.0 MΩ · 550 pF = 5.5 · 10−4 s (6.3)
Though the fit reproduces the measured data in this case, the termination status for
the fit in Origin 8.5 reported a failure caused by too many mutual dependencies and no
correlation matrix was returned. That said, the estimation of τ was 5.53 · 10−4 s in case
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of the non-ideal model and 5.49 · 10−4 s in case of the ideal model. Thus, for this case
the difference was found to be 1 %.
Figure 6.15.: Unsuccessful fit of the non-ideal dQ model with a single feature. The sample
is a heterostructure diode with the layer deposited onto the silicon substrate at
150 ◦C with hydrogen flow rates of 10 sccm. The fit converged but only into a local
minimum.
Considerable effort was put into the approach to apply the non-ideal model to the QTS
spectra of the amorphous silicon heterostructure diodes. As approach either one or two
features were assumed. The complete temperature range was fitted simultaneously and
the offset and scaling parameter were set globally and therefore to be the same for each
curve. The time constant and amplitude for each feature was computed individually. It
turned out that the fit problem required long computation times (around 8 hours in Origin
8.5) and possessed a strong dependence to the initial guess of the parameters.
After six trials which did converge but not into the global minimum (s. figure 6.15 for an
example) a small program was created which was optimized for speed purposes running
the core computations with the computing capabilities of the graphic card. A single
fit iteration could be performed in around 2 s instead of typically more than 5 minutes.
Despite the large number of trials made afterwards no satisfying fit was achieved. The
expected improvement of the error bars of for the determination of the time constants
could not be achieved.
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6.3. Summary
Diode heterostructure interfaces were successfully prepared by the deposition of amor-
phous silicon onto lightly n-doped crystalline silicon substrate. Rectification ratios of
this diodes are typically found to be around in the range of 3–4 orders of magnitude.
The first assumption for the best parameter set was a substrate temperature of 150 ◦C
with a hydrogen flow rate of 10 sccm. After the optimization of the sample preparation
conditions these value could be refined to (200± 40) ◦C and (14± 5) sccm (the error
is derived from the parameter sets of less successful depositions). The corresponding
hydrogen partial pressures are determined as 26 mPa and 38 mPa. This optimization is
solely part of the work of F. Nobis and not the author of the thesis.
With a reverse current density of 10 · 10−8 A cm−2 at −1 V and the rectification ratio of
11000 these results are competing with results published for CVD processes [FF09,
MH92]. However, the samples presented here are not stable at room temperature and
slowly degenerate on a time scale of hours (compare fig. 6.1).
Crystallization of the deposited layer was found in two cases for samples with a-Si layers
deposited with 4 sccm and 10 sccm hydrogen flow rate to substrates which are heated
to 350 ◦C. Raman spectra of these samples possess a shoulder at 520 cm−1 which
corresponds to the optical phonons in crystalline silicon. Yet, for the sample prepared
at the highest hydrogen flow rate of 60 sccm the shoulder of the Raman mode was not
observed. For the layers deposited at a reduced hydrogen flow rates of 4 sccm the
shoulder is more pronounced than for the layers deposited at an intermediate of 10 sccm.
This is explained considering the columnar growth model by Thornton [Tho77] and the
fact that compacter columns on the periodic silicon substrate are favorable for nucleation.
The increased adatom mobility induced by the hydrogen incorporation is likely to assist
a transformation into a more relaxed amorphous layer ao that nucleation is delayed or
does not occur.
The evaluation of QTS measurements commonly revealed one trap for each sample.
The energies were lower than the mid gap features attributed to the a-Si (D0 and D+)
which one would expect for p-doped a-Si. The defects were assigned to trap states at
the interface of a-Si and c-Si. Most of the samples presented in this work were deposited
onto substrates which were treated by a piranha cleaning step. For these samples
the energies of the trap states compare well to values determined at crystallites in
microcrystalline silicon [LN07]. For the other samples the trap level energies were shifted
by 120 meV towards lower energies. In this case the interface quality is not as good as
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for the piranha cleaned ones. This is also evident by the reduced reproducibility of IV
characteristics for these samples. The reduced energies of the trap states correspond to
the formation of an imperfect a-Si/c-Si interface.
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7. Summary, Conclusion, and Outlook
This thesis provides an overview on optical, structural, and electrical parameters of
amorphous silicon samples which were deposited by dc pulsed magnetron sputtering.
Furthermore, investigations of the heterostructure interface between the amorphous
films and crystalline silicon substrates are presented.
It is well known from literature that the properties of amorphous silicon films are strongly
influenced by the substrate temperature and the availability of hydrogen (s. ref [Str91] for
example). Systematic studies in dependence on these key parameters were therefore
performed. The hydrogen incorporation itself is studied by FTIR spectroscopy: the
absorption of Si-Hx stretching modes was evaluated in terms of the hydrogen content
and the microstructure parameter. The microstucture parameter was generally found
to be above 0.1 which exceeds the recommend maximal value for amorphous silicon
absorber layers [SZ98]. However, the samples were prepared with the application as
contacting layers in mind. The activation of a sufficient amount of doping atoms therefore
is the priority over a reduction of defects shallow defects.
The increase of hydrogen content with the hydrogen flow rate was found to saturate at
hydrogen flow rates of around 30 sccm (in comparison to 50 sccm argon flow rate). This
behavior is found independently of the deposition temperature. However, samples with
a-Si layers deposited onto substrates at elevated temperatures were found to have a
lower hydrogen content in total. The microstructure relates the integral absorption of
silicon polyhydride stretching modes to the total integral absorption of hydrogen silicon
vibrations and therefore is a measure of the relative amount of polyhydride silicon atoms.
It was found to increase monotonically with increasing hydrogen content of the films.
The relation is deposition temperature dependent and higher substrate temperatures
at deposition increased the microstructure parameter. Raman studies for samples
deposited without substrate heating are in good agreement with this behavior: the right
hand side half width at half maximum of the TO-phonon like mode becomes narrower
with increasing hydrogen flow rates which was attributed to improved short range order
with lower average dispersion from the tetrahedral bonding configuration.
94
Dissertation P. Schäfer 7. Summary, Conclusion, and Outlook
VASE measurements were evaluated in terms of a parametric multilayer model. For
the amorphous silicon layer a Tauc-Lorentz description was assumed. A well accepted
proposal of Pinarbasi et al. [PKA90] is a linear relation between the Tauc-Lorentz band
gap and the hydrogen content. However, two linear relations were found for two individual
subsets of samples (the one deposited onto substrates at more than 250 ◦C and the
ones deposited onto substrates at 250 ◦C and below). In order to improve the model the
Tauc-Lorentz band gap was bilinearly correlated with the individual integral absorptions of
the stretching vibrations of monohydride silicon and polyhydride silicon. The dependence
on the monohydride integral absorption was found to be one order of magnitude below
the one for the polyhdride integral absorption (s. eq. (5.2) on p. 61). It is therefore
discovered that the Tauc-Lorentz band gap is linearly dependent on the concentration
of silicon atoms with multiple hydrogen bonds. The influence of silicon atoms with a
single bond to an hydrogen atom is an order of magnitude weaker and rather acts as a
correction term.
The onset of crystallization was found for samples deposited with 10 sccm hydrogen
flow rate and below onto silicon (111) substrates at 350 ◦C. Raman spectra showed a
pronounced shoulder at 520 cm−1 which corresponds to the spectral position of optical
phonons of crystalline silicon.
QTS measurements were made for samples with doped and intrinsic sputtered layers in
dependence of the substrate temperature and hydrogen flow rate during the deposition.
The mid-gap defect states were not observed but states attributed to the a-Si/c-Si.
From IV experiments performed by F. Nobis, E.T. Breyer, and M. Seifert the following can
be stated: Electrical transport in the samples prepared at room temperature is based on
nearest neighbor hopping transport due to defects. On the other hand, layers deposited
onto substrates at elevated temperatures were found to form a diode interface with typical
rectifications ratios in the range of 3–4 orders of magnitude. Compared to intrinsic layers
there is a gain of one order of magnitude for samples sputtered form boron doped targets.
This is a strong indication that the boron is an electrically active dopant in this case.
The heterostructure diode performance is good and comparable to what is achieved with
CVD techniques [FF09, MH92]. However, the diodes degenerated at room temperature
and therefore will not maintain the good characteristics in any technical relevant device.
They are however a good starting point. With research dedicated to the degeneration
behavior it is possible they could perform in similar quality as heterostructure diodes
deposited by CVD processes do.
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For the purpose as a p-doped layer in a solar cell the same may stated. It was demon-
strated that doping of the sputtered layers has a positive influence on the rectification
properties which is a strong indication that additional carriers were generated by the
doping. However, with further understanding of the degeneration process as part of
future researches the quality must be improved.
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A. Appendix
A.1. Hydrogen Content and Microstructure Parameter
Listing of the samples, the hydrogen flow rate fH2, the integral absorptions of the
2000 cm−1 and 2100 cm−1 (I2000 and I2100), the microstructure parameter R, and the
Tauc-Lorentz band gap Eg for the samples discussed in chapters 5.1.1 (p. 42) and 5.1.2
(p. 46). The samples of series 6 are sputtered from a 20 mΩcm boron doped target, the
samples of series 7 from a 80 mΩcm boron target and the samples of series 202 from a
20 mΩcm boron doped target. Series 6 and 7 were deposited in the PLS500 setup with
a power density of 12 W/cm2 and series 202 in the S400 setup with a power density of












006-006 312 1.5 18.7 4.17 2.4 0.18 1.1
006-007 311 2.5 29.7 6.80 3.7 0.19 1.2
006-008 313 3.5 30.2 13.8 5.1 0.31 1.2
006-009 313 2 20.4 6.80 3.0 0.25 1.1
006-010 304 3 35.2 9.19 4.6 0.21 1.2
006-011 326 4 42.9 8.61 5.1 0.17 1.3
006-012 322 4.2 38.0 22.8 7.2 0.38 1.4
006-013 325 10 63.6 49.4 13 0.44 1.7
006-014 347 20 66.3 88.7 19 0.57 2.0
006-015 294 40 56.6 111 21 0.66 2.1
006-020 278 50 42.4 103 19 0.71 2.1
006-021 246 60 42.7 103 19 0.71 2.0
006-022 199 80 30.4 111 20 0.79 2.1
007-013 328 1.5 20.4 2.17 2.1 0.096 1.1
007-014 302 2.5 34.1 4.07 3.6 0.11 1.2
007-015 326 3.5 39.0 6.67 4.5 0.15 1.2
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007-016 316 2 30.4 1.65 2.8 0.052 1.1
007-017 303 3 32.9 9.80 4.6 0.23 1.2
007-018 317 4 50.2 3.99 4.8 0.074 1.2
007-019 322 4.2 48.3 7.37 5.3 0.13 1.3
007-020 316 10 74.2 38.9 12 0.34 1.6
007-021 333 20 83.2 69.3 17 0.45 2.0
007-022 304 40 50.7 115 21 0.69 2.1
007-023 288 50 46.1 114 21 0.71 2.1
007-024 257 60 42.2 107 20 0.72 2.2
007-025 206 80 34.7 121 21 0.78 2.2
007-027 304 1.5 21.8 1.53 2.1 0.066 1.1
007-028 315 2.5 32.3 3.14 3.3 0.089 1.2
007-029 328 3.5 37.5 7.61 4.5 0.17 1.3
007-030 279 0 0.447 0 0.038 0 0.95
007-031 288 1.5 27.7 1.05 2.5 0.036 1.2
007-032 304 2.5 40.9 2.52 3.8 0.058 1.3
202-077 301 10 0.134 0.0152 10 0.12 1.6
202-080 307 20 100 90.6 21 0.48 1.9
202-081 301 6 120 5.58 10 0.045 1.4
202-082 304 40 68.0 120 23 0.64 2.1
202-088 291 0 4.29 1.90 0.74 0.31 0.88
202-092 266 80 52.5 128 23 0.71 2.1
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A.2. Secondary Ion Mass Spectrometry
SIMS confirmation of the transfer of boron as provided by IFOS GmbH, Kaiserslautern.
The sample was deposited in the S400 chamber without substrate heating and at a
hydrogen flow rate of 80 sccm:
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